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1. Introduction 
 
A high demand exists for lean, ductile, and high strength Fe-Cr stainless steels in the fields of 
energy conversion, mobility, and industrial infrastructure. The conventional martensitic stainless 
steel (MSS) is not ductile enough compared with the other stainless steels. To improve the ductility, 
supermartensitic stainless steels were designed by decreasing carbon content and adding certain 
alloying elements. This supermartensitic stainless steel will increase the cost due to its very low 
carbon content as well as adding nickel and molybdenum. By applying only heat treatment one can 
also improve the ductility of martensitic stainless steel. Quenching and tempering technology was 
carried out for a long time to improve the strength and toughness of martensitic steels [Kurdjumov 
1959, Speer 2002, Malakondaiah 1997]. Recently, a quenching and partitioning (Q&P) process has 
been suggested as an alternative heat treatment to produce steels with retained austenite [Speer 
2003]. The purpose of Q&P process is to stabilize the retained austenite by carbon partitioning. 
Therefore, the quench temperature and partition temperature were carefully designed to get an 
optimized amount of retained austenite. By carbon partitioning from super saturated martensite to 
austenite, the retained austenite was stabilized and untransformed after final quench. In most Q&P 
process, there is no new austenite formed during the partitioning treatment. 
 
In this thesis, the approach is modified with the aim to increase the amount of austenite during low-
temperature heat treatment. The heat treatment starts with a complete austenitization and carbides 
solution treatment. Water quenching to room temperature is followed after this solution treatment. 
This provides a martensitic-austenitic starting microstructure. During a subsequent heat treatment in 
the range of 300°C-500°C, austenite reversion [Tomimura 1991, Tomimura 1991_2, Takaki 1994, 
Nakada 2007, Furuhara 2008] takes place on the basis of partial partitioning according to local 
equilibrium, segregation, and kinetic freezing of carbon among different phases. 
 
This alternative approach of designing MSS with both, high strength and ductility are presented in 
this thesis. The method is based on nanoscale austenite reversion and martensite relaxation via a 
modest heat treatment at 300-500°C for several minutes. It is observed that this method leads to 
very high strength (up to 2 GPa) of a Fe-13.6Cr-0.44C (wt.%) steel (X44Cr13, 1.4034, AISI 420) 
without loss in ductility. 
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In this thesis, an austenite reversion treatment was applied in two kinds of MSS (1.4034 and 
1.4021). A microstructure that martensite separated by newly formed austenite films is created. The 
decisive factor that influences austenite reversion is the local carbon content. These ductile films of 
reverted austenite might blunt cracks propagation and increase the global ductility of the material 
during deformation (Fig. 1). The black laths in Fig. 1 schematically indicate the martensitic matrix. 
After austenite reversion treatment, the newly formed austenite films are expected to form at 
martensite-martensite boundaries. These are shown in Fig. 1 as the red films that separate 
martensitic grains. 
 
Fig. 1. Expected microstructure consists of martensite (black laths) surrounded by austenite film (red) 
 
It is important to point out that the phenomena occurring during austenite reversion in the present 
case are different from conventional Q&P approaches: In Q&P process, the carbon diffuses from 
martensite into the retained austenite (after first quench) during partitioning where equilibration of 
carbon in martensite and retained austenite is generally assumed. In the current case of low-
temperature heat treatment, however, the carbon is enriched in front of the austenite boundary and 
accumulates there since it has a much higher diffusion rate in bcc than in fcc. The accumulated 
carbon at the martensite-austenite interface then provides a high local driving force for austenite 
reversion. Once captured by the growing austenite, the carbon is kinetically frozen owing to its 
small mobility in fcc. 
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The phenomena occurring during austenite reversion in Fe-Cr-C stainless steels are complex due to 
the high content of carbon and substitutional alloying elements. In contrast to typical Q&P steels 
where carbide precipitation (M3C) is suppressed by alloying with Si and/or Al [Nayak 2008], in the 
present alloy M3C-type carbide precipitation occurs at 400°C. This means that a kinetic and 
thermodynamic competition exists for carbon between austenite reversion, enrichment in retained 
austenite, and carbide formation during austenite reversion treatment. Therefore, the partitioning 
temperature must be chosen on a theoretically well founded basis for two reasons: First, low 
temperature annealing requires more local carbon enrichment to provide a driving force high 
enough for austenite reversion. It is emphasized in this context that the local equilibrium matters for 
this process, i.e. high carbon content is required at the martensite-austenite interface (not 
everywhere within the austenite). Equilibration of the carbon inside the austenite is not necessarily 
required. Second, high temperature annealing may cause more carbide formation, consuming too 
much carbon, so that austenite reversion is suppressed due to an insufficient carbon chemical 
concentration to promote it. Due to the low reversion treatment temperature, the initial carbon 
content in the alloy is also a decisive factor that can influence the reversion procedure. The low 
carbon 1.4021 stainless steel, which can be considered as a low carbon version of 1.4034 stainless 
steel, is also taken into the investigation for a better understand and a systematic comparison.  
 
In order to elucidate the competing phenomena occurring during such low-temperature heat 
treatment, namely, carbide formation vs. austenite reversion as well as the carbon redistribution 
between the retained and reverted austenite, atom probe tomography (APT) is used. This method 
allows measuring the carbon content inside the austenite, which determines its stability, as well as 
inside the martensite, carbides and interfaces. The traditional methods for carbon content 
determination, (for example, using the lattice parameter changes to calculate carbon content in 
austenite) are not very effective for getting this data exactly, especially when there is a large 
amount of alloying elements such as Cr which can strongly influence the lattice parameter. The 
APT technology allows acquiring three-dimensional elemental mapping with nearly atomic 
resolution and provides information about internal interfaces and local chemical gradients [Cerezo 
1988, Blavette 1993, Miller 1996, Thuvander 1999]. This enables to acquire the carbon 
concentration for each phase directly. Therefore, atom probe is considered as a suitable tool for 
understanding the partition history of carbon atoms. With the acquired APT data, a detailed 
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explanation about austenite reversion mechanism at 400°C was discussed. To relate the mechanical 
properties with the microstructure of the alloy during austenite reversion treatment, different 
experimental methods were employed. For mechanical properties, hardness measurement and 
tensile test were chosen. Comparing hardness is a fast way to evaluate the amount of carbon in 
martensitic solid solution. In order to check the influence of reverted austenite on strength and 
ductility, tensile tests were performed for each stage during austenite reversion treatment. In order 
to get a precise value of the reverted austenite amounts, XRD, EBSD and feritscope (introduced in 
section 3.4.3) was employed to determine the phase fraction in the steel at different conditions. 
Detailed microstructures were investigated by TEM and APT. The TEM analysis gives the 
information of the size, distribution and orientation relationship (diffraction pattern) among 
different phases. 
 
 
Fig. 2. Overview of total elongation to fracture vs. ultimate tensile strength for different steel grades. 
After austenite reversion treatment, the strength and ductility of the martensitic steel were improved. 
The improvements of mechanical properties are marked by an arrow in the figure 
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Fe-13.6Cr-0.44C (wt.%, 1.4034) and Fe-13.6Cr-0.21C (wt.%, 1.4021) stainless steels are selected 
to apply this austenite reversion heat treatment to acquire the combination of both high strength and 
good ductility for application in severe environments. After the austenite reversion treatment, the 
high carbon steels (1.4034) show obvious mechanical properties due to austenite reversion; while 
the low carbon steels (1.4021) show only simple tempering of the quenched martensite. 
 
Fig. 2 shows the mechanical properties’ distribution of the mostly used steels. The traditional 
martensitic steels normally have a high tensile strength compared with ferritic, austenitic and dual 
phase steels, but the ductility is the lowest among these steels. The current work, benefit from the 
austenite reversion and finely dispersed nano sized cementite particles, achieves a very high tensile 
strength (higher than 1700 MPa) with good ductility (comparable with dual phase, TRIP grade) 
[Herrera 2011].  
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2. Literature review 
2.1 The Fe-Cr-C system 
 
The 14% Cr isopleth in Fe-Cr-C phase diagram is shown in Fig. 3 and is limited to 1 wt.% carbon 
[Durand-Charre 2004]. This phase diagram indicates an austenite and M23C6 carbide coexistence 
region when the carbon content ranges from 0.15 to 0.75 wt.%. Fig. 4 shows time-temperature 
transformation (TTT) and continuous cooling transformation (CCT) diagrams of 1.4034 stainless 
steels when austenitized at different temperatures. The steels after high temperature austenitization 
show a low Ms temperature. After 1050°C austenitization, a faster cooling rate is necessary in order 
to get martensitic transformation (comparing the CCT diagrams shown in Fig. 4c, d) [Rose 1961]. 
 
Fig. 3 Calculated 14% Cr isopleth for the Fe-Cr-C system. This diagram indicates the phases 
present under equilibrium conditions [Durand-Charre 2004] 
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(a) 
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(c) 
 
(d) 
Fig. 4 Time-temperature transformation (TTT) diagrams of 1.4034 stainless steels after 980°C (a) 
or 1050°C (b) Austenitization; Continuous cooling transformation (CCT) diagrams of 1.4034 
stainless steels after 980°C (c) or 1050°C (d) Austenitization (A: austenite; K: carbides; F: ferrite; P: 
pearlite; M: martensite; numbers in ?: hardness) [Rose 1961] 
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2.2 Martensitic stainless steel and supermartensitic stainless steel 
 
Martensitic stainless steels are extensively used in mechanical constructions as structural material 
with reasonable corrosion resistance [ninth edition Metals Handbook 1980]. They are often used in 
the quenched-and-tempered condition: 980°C-1100°C annealing temperature (depending on the 
chemical composition of the steel) consist with tempering [Gympel 1990, Columbier 1965, Garcia 
1998]. 
 
The MSS type 1.4034 is widely used for applications like cutlery, plastic molds, structural parts and 
medical devices [Unterwiser 1983]. It is suitable to hardening after heat treatment such as 
quenching and tempering, after which a good combination of strength, toughness and corrosion 
resistance can be acquired.  This grade of steel is considered as basic MSS. It is comprised of 
11.5% to 13.5% chromium and iron, along with a small quantity of other elements including carbon, 
manganese, phosphorus, silicon, and sulfur. 1.4034 stainless steel is a medium carbon high 
hardenability MSS with good strength and fairly good corrosion resistance. It is normally supplied 
hardened and tempered in the tensile range 700 - 850 MPa. It can be considered as a high carbon 
content version of stainless steel 1.4006 (AISI 410). Corrosion resistance of these two stainless 
steels is similar, but stainless steel 1.4034 additionally provides increased strength and hardness.  
 
Martensite gives MSS great hardness and is the characteristic phase in the microstructure. An 
austenite field in the equilibrium phase diagram is one of the necessities for MSS [Ganguly, 
Handbook of stainless steels]. However, martensite also reduces its toughness and makes it brittle, 
so few steels are fully hardened. As conventional MSS typically exhibit brittle behavior, 
supermartensitic Fe-Cr stainless steels with enhanced ductility have been designed in the past years 
by reducing carbon (<0.03 wt.%) and adding nickel (4% - 6.5 wt.%) and molybdenum (2.5 wt.%) 
[Zou 2007, Rodrigues 2007, Karlsen 2009, Pieta 2010]. The heat-treated microstructures at room 
temperature are characterized by tempered martensite and retained austenite. Typical values of the 
mechanical properties of SMSS within the range of: 650 – 750 MPa of 0.2% yield strength, 880 - 
950 MPa of tensile strength, elongation at rupture up to 20% and impact energy up to 100 J [Heuser 
1999, Toussaint 2002]. These properties, especially the high toughness of the steel are strongly 
dependent on the microstructure of martensite with retained austenite: when the tempering 
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temperature is close to AC1 temperature, amounts of finely distributed austenite grains along the 
martensite interlath boundaries and prior austenite grain boundaries were precipitated [Bilmes 
2001]. These ductile precipitated austenite grains improve the ductility of SMSS. Due to the low 
carbon content in SMSS (<0.03 wt.%, leading to low carbon martensite), the strength and hardness 
is low. Micro alloying elements of Ti, Nb and V are usually employed to combine with residual C 
and N to form carbo-nitrides, thereby increasing the strength [Ma 2011]. SMSS exhibit higher 
toughness, corrosion resistance and weldability when compared with MSS (type 1.4021 with 13 
wt.% Cr and 0.2 wt.% C or type 1.4034 with 0.4 wt.% C). It has been increasingly applied to 
produce oil country tubular goods, seamless pipes for drilling, casing and tubing for the application 
in oil and gas fields to substitute more expensive duplex stainless steels for onshore and offshore 
tubing applications [Haynes 1999, Heimann 2002, Smith 1999, Heuser 1999].  
2.3 Quench and Temper 
 
Quenching followed by tempering is known to improve the strength and toughness of martensitic 
steels [Kurdjumov 1959, Clarke 2008, Malakondaiah 1997]. The first step is to heat the steel to a 
uniform temperature in the austenite region. In the most frequently used cases, the hot steels are 
then quenched in a liquid, usually oil (for medium carbon alloy) or water (for low carbon alloy). 
The rapid cooling imparts a very high degree of hardness. Because the as-quenched martensitic 
steel is too brittle to be used for most applications, the steel is returned to the furnace for another 
cycle (usually not in the same furnace). This time at a lower temperature that will reduce or temper 
the hardness and restore some ductility. Tempering at different temperatures may improve the 
toughness of the steel at different levels at the expense of some yield strength. 
2.4 Quench and Partitioning 
 
Carbon diffusion between ferrite and austenite during high temperature (above A1) diffusional 
transformations is relatively well understood. These reactions are frequently referred to as 
reconstructive transformations, because of the short-range diffusional movements of iron (and 
substitutional) atoms that accomplish a change in crystal structure between bcc and fcc [Speer 2003, 
Clarke 2008]. In contrast, the carbon partitioning at lower temperature where the diffusion of 
substitution elements is slow is somewhat controversial. Speer et al made many efforts in this 
direction especially on the so-called quench and partition (Q&P) process. This Q&P treatment is 
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efficient for producing steels with retained austenite and improved ductility [Speer 2003, Clarke 
2009]. In equilibrium conditions, mixtures of quenched martensite plus retained austenite in binary 
Fe-C alloys are expected to decompose to ferrite and iron carbide [Speer 2003, Santofimia 2009, 
Edmonds 2006]. The phase compositions at equilibrium are given by the phase boundaries on the 
usual Fe-C phase diagram, and the phase fractions may be determined from the level rule [Speer 
2003]. If there are substitution-alloying elements, for example, Cr in a Fe-Cr-C system, the long-
range diffusion is difficult at low temperature and thus interstitial elements like C or N can diffuse 
in a long distance. So it is the interstitial elements partitioning between supersaturated martensite 
and retained austenite. The substitution elements do not partition between phases during quenching 
and partitioning tempering.   
 
Concerning the orthoequilibrium state, the chemical potential of the elements in different phases 
can be deduced from the common tangent of the U shape curve of each phase in a Gibbs free 
energy - composition diagram (Fig. 5a). From Fig. 5a one can also read the equilibrium phase 
compositions ?EQX  and
?
EQX . If the temperature is low, within a limited time, only carbon can 
achieve equal chemical potential in ferrite and austenite in the Fe-C binary system, while the 
chemical potential of iron is not the same in each phase. This is the constrained paraequilibrium 
condition. It means under constrained paraequilibrium conditions, diffusion of iron and 
substitutional atoms is ‘constraint’. In Fig. 5b, each point in the right axis (carbon axis) can be used 
to draw a tangent to the ferrite and austenite free energy curves. There is no fixed composition of 
each phase that satisfies the general thermodynamic condition for constrained paraequilibrium at 
this low temperature. The amount of possible ferrite and austenite compositions is infinite. This is 
an important property of constrained paraequilibrium, where the matter balance constraint is also 
needed to uniquely determine the applicable phase compositions. [Speer 2003] 
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 (a) 
       
(b) 
Fig. 5. Schematic Gibbs free energy vs. composition diagram showing (a) the common - tangent 
construction representing orthoequilibrium between ferrite and austenite; (b) two possible ferrite and 
austenite compositions satisfying the constrained paraequilibrium requirement that the chemical 
potential of carbon is equal in the two phases [Speer 2003] 
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Fig.6. Final austenite fraction calculated according Koistinen–Marburger relationship 
 
The heat treatment sequence of Q&P steel involves quenching to a temperature between the 
martensite-start (Ms) and martensite-finish (Mf) temperatures, followed by a partitioning treatment 
either at, or above, the initial quench temperature. Partitioning is typically designed in a way to 
enrich and stabilize the retained austenite with carbon escaping from the supersaturated martensite, 
thereby stabilizing retained austenite phase to room temperature [Edmonds 2006]. In conventional 
Q&P processes, the quench temperature is hence chosen in a way that some retained austenite 
prevails and subsequent tempering leads to carbon partitioning between martensite and austenite. 
For choosing a suitable quench temperature where one can acquire maximum amount of retained 
austenite after final quench from the partitioning tempering temperature, Koistinen-Marburger 
equation was employed [Koistinen 1959, Krauss 1990]. Fig. 6 shows the application of Koistinen-
Marburger equation for calculating the quench temperature in Q&P treatment for 1.4034 stainless 
steel. The amount of retained austenite depends on the quench temperature, which is designed 
carefully to get maximum retained austenite after final quench. Typically, no new austenite is 
formed during partitioning. 
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2.5 Austenite reversion 
 
Austenite reversion from martensite or bainite phases when heat-treated above Ac1 temperature was 
investigated by many researchers [Viswanathan 2005, Tomota 1998, Schnitzer 2010, Song 2011, 
Rajasekhara 2011].  The nucleation positions of the newly formed reverted austenite are the lath 
boundaries in martensite and the prior austenite grain boundaries (PAGB). Comparing these two 
kinds of boundaries, lath boundaries in martensite are low angle grain boundaries (most of which 
are even less than 5 degrees) [Nakada 2011, Morito 2006] and have low interface energy; PAGBs 
are large angle grain boundaries having higher interface energy. However, the reverted austenite 
grains tend to form at the low energy lath boundaries as reported by [Sadovskii 1956, Sadovskii 
1960, D’Yachenko 1964, Matsuda 2006, Hara 2006, Nakada 2007]. Nakada reports that the shape 
and nucleation site of reverted austenite are changed depending on reversion temperature: lower 
temperature leads to acicular austenite grains at the lath boundaries while higher temperature leads 
to granular austenite grains at prior austenite grain boundaries. The orientation relationship between 
the reverted austenite and the martensite matrix was reported as a Kurdjumov-Sachs relationship 
[Sadovskii 1956]. Furuhara and Poulon-Quintin investigated the reversion mechanism from 
deformation-induced martensite to austenite that is responsible for grain refining. Some authors 
also apply cyclic reversion treatment in order to acquiring even finer microstructure [Furuhara 2008, 
Poulon-Quintin 2009]. Most of the reversion treatments mentioned above were taken in ferrite + 
austenite two-phase region where the thermodynamic driving force was achieved for austenite 
nucleation during heat treatment. In this thesis, the austenite reversion happened at even lower 
temperature where the global driving force is not enough for the austenite formation. Only the local 
areas where the chemical potential of carbon and the nucleation energy at the interfaces is suitable 
can provide enough driving force for austenite reversion. 
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3. Experimental procedure 
3.1 Materials
 
The materials used for this investigation are: Fe-13.6Cr-0.44C (wt.%; 1.4034, X40Cr13, AISI 420) 
and Fe-13.3Cr-0.21C (wt.%; 1.4021, X20Cr13, AISI 420). The major difference between these two 
materials is the carbon content. The chemical compositions of these two stainless steels are listed in 
table 1 respectively. The alloys are provided by ThyssenKrupp Nirosta as conventional cold rolled 
and annealed sheets with the thickness of 2.5mm. 
 
Table 1. Chemical composition of materials used for the investigation (1.4034 and 1.4021). 
 
  C Cr Mn Ni Si N Fe 
1.4034 wt.% 0.437 13.6 0.53 0.16 0.284 0.0205 Bal. 
at.% 1.97 14.19 0.52 0.15 0.55 0.079 Bal. 
1.4021 wt.% 0.21 13.3 0.64 0.12 0.60 0.015 Bal. 
at.% 0.94 13.97 0.64 0.11 1.17 0.058 Bal. 
 
3.2 Heat treatment 
 
The Ae3 temperature for 1.4034 and 1.4021 stainless steels were calculated by Thermo-Calc 
[Thermo-Calc User’s Guide]. Thermo-Calc is a software package used to perform thermodynamic 
and phase diagram calculations for multi-component systems. Calculations are based on 
thermodynamic databases produced by evaluation of experimental data using the CALPHAD 
[Spencer 2008, Liu 2008] method. The database used for this investigation is the TCFE5 database 
[TCFE5], which is suitable for steels research.  
 
The Thermo-Calc software can only be used to calculate the equilibrium state. To evaluate the 
transformation behavior during fast heating and cooling, dilatometer tests were executed. 
Dilatometer tests were performed using a Bähr Dil805 A/D quenching and deformation device to 
identify the Ms temperature during quenching. The sample used for dilatometer test is a cylinder 
with 2.5mm diameter (due to the steel sheet thickness) and 10mm in length (Fig. 7a). 
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3. Experimental procedure 
According to the dilatometer results and Thermo-Calc calculation (see 4.1), two different levels of 
annealing treatment temperature were set to investigate the mechanical behavior and microstructure. 
After water quenching, tempering tests at 300°C, 400°C, and 500°C, respectively, with different 
holding time were performed to study carbon redistribution, austenite reversion, and carbide 
formation (Fig. 8).  
 
 
 
Fig. 7. Sample size for dilatometer test (a) and tensile test (b) 
 
 
Fig. 8. Schematic diagram of the heat treatment route (WQ: water quench) 
 
3.3 Mechanical properties 
 
Mechanical properties were determined by tensile test and Vickers hardness measurements (980N 
load, HV10). Tensile tests were carried out along the rolling direction of the samples at room 
WQ
T
time
WQ
1min 2min 10min 30min
300°C, 400°C, 500°C 
950°C or 1150°C
5min
WQ WQ WQ
RD(a)
(b)
 
20
temperature. Flat tensile specimens were machined with a cross section of 2.5mm x 8mm and a 
gauge length of 40mm (Fig. 7b). The tests were conducted on a Zwick/Roell Z100 tensile testing 
machine at a constant crosshead speed of 1mm/min, corresponding to an initial strain rate of 4.2 × 
10-4 s-1.  
3.4 Microstructure characterization 
3.4.1 EBSD 
EBSD (electron back-scatter diffraction), or as it is equivalently known, BKD (back scatter Kikuchi 
diffraction), is a technique which allows crystallographic information to be obtained from samples 
in the scanning electron microscope (SEM) [Krieger Lassen 1992, Adams 1993, Wilkinson 1997, 
Schwarzer 1997, Schwartz 2000, Goldstein 2003]. In other words, it is an add-on package to an 
SEM [Randle]. In EBSD, a stationary electron beam strikes a tilted crystalline sample and the 
diffracted electrons form a pattern on a fluorescent screen. This pattern is characteristic of the 
crystal structure and orientation of the sample region from which it was generated. The diffraction 
pattern can be used to measure the crystal orientation, measure grain boundary misorientations, 
discriminate between different materials, and provide information about local crystalline perfection 
[Oxford Instruments]. 
 
The most attractive feature of EBSD is its unique capability to perform concurrently rapid, 
automatic diffraction analysis to give crystallographic data and imaging with a spatial resolution of 
less than 0.1 ?m, combined with the regular capabilities of an SEM such as capacity for large 
specimens, option of chemical analysis and the ability to image rough surfaces [Venables 1973, 
Dingley, 1984]. Fig. 9 is a schematic diagram showing the main components of an EBSD system. 
The EBSD acquisition software will control the data acquisition, solve the diffraction patterns and 
store the data. OIM software is used to analyze, manipulate and display the data [Humphreys 2001]. 
 
The orientation data acquired by EBSD scan can also be used to investigate the strain distribution 
among different grains that is important for understanding the deformation behavior of the material. 
In OIM software, local misorientation can be characterized using a misorientation kernel approach. 
For a given point the average misorientation of that point with all of its neighbors is calculated with 
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3. Experimental procedure 
the proviso that misorientations exceeding some tolerance value (Maximum misorientation) are 
excluded from the averaging calculation as shown in Fig. 10a.  
 
 
Fig. 9. Schematic demonstration of EBSD system 
            
The misorientations between a grain at the center of the kernel and all points at the perimeter of the 
kernel are measured. The local misorientation value assigned to the center point is the average of 
these misorientations (Fig. 10c) [OIM user manual]. 
 
EBSD measurements were conducted on samples after different tempering time at different 
temperature. The samples for EBSD measurement were prepared in the plane ND-RD by standard 
mechanical grinding and polishing procedures. Subsequently, samples were electropolished using 
Struers electrolyte A3 at 20°C with 40V voltage and 20s-1 flow rate for 20s. EBSD was performed 
on a JEOL-6500F field emission scanning electron microscope operated at 15kV [Sato 2009] (7.5 
kV was also used for a high-resolution EBSD scan).  
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(c) 
Fig. 10. (a) Definition of Kernel Average Misorientation (KAM). Each hexagon stands for a pixel 
in EBSD scan.  ?gxy means the misorientation between pixel x and pixel y.  
(b) ?gA5 and ?gA6 exceed the tolerance value, so they are excluded from the averaging calculation. 
(c) Schematic drawing of calculation method of local misorientation value. The local misorientation 
value assigned to the center point is the average of these misorientations 
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3. Experimental procedure 
3.4.2 X-ray diffraction 
X ray diffraction (XRD) measurements were carried out using CoK? radiation. XRD data were 
collected over a 2? range of 30-138º with a step width of 0.05º and a counting time of 10s/step. The 
Rietveld method was used for the calculation of the structural parameters from the diffraction data 
of the polycrystalline bulk materials. The phase fractions of samples heat-treated at different 
conditions are determined by analyzing the XRD patterns via two different Rietveld programs: 
Materials Analysis Using Diffraction (MAUD) [Lutterotti] and TOPAS [DIFFRACplus 2003, 
Balzar 2004, Jiménez 2011]. Actually, the difference is that with TOPAS, one can include a texture 
component, but considering the error associate with the Rietveld method, both, MAUD and TOPAS 
give rather similar results. In some recent studies [Chanda 1998, Chanda 2000, Sahu 2002, Sahu 
2007, Sahu 2002_2], MAUD has been applied to characterize the microstructural parameters of 
different materials including the calculations of the lattice parameter, phase percentage, crystallite 
size and residual microstrain [Dini 2010]. Version 4.0 of the Rietveld analysis program TOPAS 
(Bruker AXS) was used in this thesis. The analysis protocol included consideration of background, 
zero displacement, scale factors, peak breath, unit cell parameter, and texture parameters. The room 
temperature structures used in the refinement were martensite/ferrite and austenite. Fig. 11 shows 
the diffractometer used in this thesis. The determination of austenite phase fraction was conducted 
by EBSD, XRD and feritscope measurements. 
 
Fig. 11 Diffractometer used for XRD measurements 
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3.4.3 Feritscope 
The Feritscope (Feritscope MP30E-S) measures the phase fraction according to the magnetic 
induction method. A magnetic field generated by a coil enters into the specimen and interacts with 
the magnetic components of the specimen (Fig. 12). The changes in the magnetic field induce a 
voltage proportional to the ferrite content in a second coil. This voltage is then evaluated. All 
magnetic components of the otherwise non-magnetic structure are recognized, that is, in addition to 
delta ferrite and other ferritic components, transformation martensite is also recognized. The 
feritscope can detect in a deeper distance from the surface, so it is a fast and precise tool for 
accounting phase fraction. The feritscope measures only the ferromagnetic content (ferrite). It is 
assumed here that the rest is austenite (actually, it is a summation of austenite and carbides, but the 
amount of carbides is relatively small).  
 
 
Fig. 12. Basic operation of the magnetic induction measurement method, using the example of an 
austenitic plating [feritscope fischer user manual] 
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3. Experimental procedure 
3.4.4 TEM 
Thin foils were prepared from the samples at different conditions [Jiménez 2005] and were 
examined in a PHILIPS CM 20 transmission electron microscope (TEM) which was operated at an 
acceleration voltage of 200 kV. The carbide characterization was carried out by using carbon 
extraction replica technique [Rühle 1995] (schematically shown in Fig. 13). The extracted carbides 
were then investigated in the TEM. 
 
 
 
Fig. 13. Schematic illustration of carbon replica method [Hansen 1998]. The films with carbides 
make it possible to observe individual carbide by TEM 
3.4.5 APT 
In order to elucidate the competing phenomena in the current case, namely, carbide formation vs. 
austenite reversion, atom probe tomography (APT) was used to measure the carbon content inside 
the austenite, which determines its stability, as well as inside the ferrite and the carbides [Miller 
2000, Kelly 1991-2007, Seidman 2007, Miller 2009, Marquis 2009, Pereloma 2009, Sauvage 2009, 
Dmitrieva 2011]. The APT method allows for three-dimensional elemental mapping with nearly 
atomic resolution and provides information about internal interfaces and local chemical gradients 
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[Gerezo 1988, Raabe 2009, Raabe 2010, Choi 2005]. Thus, APT was applied in this thesis for 
studying the carbon partitioning and segregation in Fe-Cr-C stainless steels, which is the key factor 
for austenite reversion. 
(a) 
 
(b)
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3. Experimental procedure 
 
(c) 
 
Fig. 14. Description of site-specific lift-out sample preparation technique for atom probe 
tomography: (a) lamella lift-out; (b) attached specimen (released from lamella); (c) final tip shape after 
annular mill [Kelly 2000, Kelly 2003, Thompson 2006] 
 
APT samples are prepared by focused ion beam (FIB) which is widely used for the production of 
atom probe needle specimens (FEI Helios Nanolab 600TM) [Larson 1998, Seto 1999, Ohsaki 2004, 
Takahashi 2005, Colijn 2004]. FIB milling is superior in controllability to electropolishing. 
Analyses of the grain boundaries and multi-layer metals have succeeded due to the specimen 
preparation using FIB milling [Takahashi 2009]. The lift-out method shown in Fig. 14 is a typical 
and effective way for sampling of site-specific regions of interest [Miller 2005, Lawrence 2006, 
Takahashi 2005, Takahashi 2007]. A LEAP (LEAPTM 3000X HR, Cameca Instruments) is 
employed in voltage mode at a specimen temperature of 60K. 8.5kV voltage was applied at a 
frequency of 200 kHz. The position for each hit in the detector is recorded by the system together 
with its time-of-flight and is used for the subsequent 3D reconstruction for each element. The 
detailed description of APT including basic principles is explained in Appendix A. Carbon 
distribution in three dimensions was calculated and analyzed by using the IVAS software from 
Imago Scientific Instruments. In order to get a statistical result of element concentration, a Region-
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of-interest (ROI) area which can contain a large amount of detected data points in each phase was 
determined and extracted (Fig. 15). 
 
 
Fig. 15. Region-of-interest (ROI) for a statistical calculation of elemental concentration in each phase. 
The ROI boxes in this figure are 3D cuboids which are located at each side of the boundary. The size of 
the ROI can be adjusted in order to including the data points as much as possible 
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4. Mechanical properties upon different heat treatment (1.4034) 
4.1 Processing parameter determination for 1.4034 
 
The Thermo-Calc calculation results show that the incipient holding temperature for full 
austenitization should be above 800°C. The calculation further reveals that the carbides start to 
dissolve in austenite after the austenitization completed (above 800°C) and at about 1100°C, nearly 
all of the carbides dissolved into the solid solution (Fig. 16). Therefore, the solution treatment 
temperature should be determined carefully because annealing at different temperature may get 
different carbon content in austenite, and consequently, influence the material’s behavior in the 
subsequent quenching and austenite reversion treatment. Fig. 17 shows the carbon content in 
austenite when annealing at different temperature (calculated by Thermo-Calc).  
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Fig. 16. Phase development when heat-treated at different temperature 
(calculated by Thermo-Calc for 1.4034 stainless steel) 
 
Fig. 18 shows the results of dilatometer tests. The heating rate was set at 10 K/s, and cooling rate -
30 K/s. Above 876°C, the microstructure is fully austenitized. The Ms temperatures were derived 
from the dilatometer tests (118°C after 1150°C annealing and 360°C after 950°C annealing). To get 
complete austenitization but incomplete carbides dissolution, the solution treatment temperature is 
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4. Mechanical properties upon different heat treatment (1.4034) 
set at 950°C; In order to ensure all chromium carbides dissolution in the austenite solid solution, the 
annealing temperature is set at 1150°C. 
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Fig. 17. Calculated equilibrium carbon content in austenite at different annealing temperature 
(1.4034) (Thermo-Calc TCFE5) 
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         (a)                                                                              (b) 
Fig. 18. Dilatometer results showing austenite start (As) temperature, austenite finish (Af) 
temperature upon heating and martensite start (Ms) temperature during cooling (1.4034). 
(a) Austenizing at 950°C for 5min    (b) Austenizing at 1150°C for 5min 
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4.2 Influence of solution treatment temperature on mechanical properties 
 
The mechanical properties of the material were compared after austenitization at two different 
temperatures: 1150°C for austenitization with carbides dissolution and 950°C for only 
austenitization. To evaluate the effect of solution treatment temperature on the final properties, the 
subsequent tempering temperature was fixed at 400°C for both conditions. After 950°C 
austenitization treatment and water quench, the material is brittle. The tensile test results show the 
as quenched steel failed at about 1470 MPa with a total elongation at fracture of 1%. The 
subsequent 400°C tempering can increase the total elongation: after 1 minute tempering, the total 
elongation (TE) at fracture reaches 5%; after 2 minutes, TE reaches about 7%. After 2 minutes, 
further increasing of tempering time cannot improve the ductility obviously, as shown in the stress 
strain curve, after 30 minutes tempering, the TE is still at 8%. 
 
Samples after 1150°C solution treatment show very different behaviors compared with 950°C 
series. The as quenched state shows a very high hardness, more than 670 HV10. Such a high 
hardness is due to the high carbon content in the martensite solid solution. The carbon comes from 
the carbides dissolution during solution treatment. The tensile tests show that the steel after 1150°C 
solution treatment and water quench is even more brittle than the steel water quenched from 950°C. 
It failed at only 400MPa with a total elongation of 0.5%, which is still in elastic deformation stage 
during tensile test. The subsequent 400°C tempering can tremendously increase the ductility 
compared with the as quenched state, at the same time keeps the strength to stay at a very high level. 
After only 1 minute tempering at 400°C, the total elongation reaches 14%, the ultimate tensile 
strength (UTS) is kept at about 2 GPa. Increasing the tempering time, the ductility continuously 
improves with a slowly drop of UTS. Till 30 minutes tempering at 400°C, the total elongation 
reaches 23% and the UTS still stay at a high level, that is, higher than 1760 MPa (Fig. 19). 
 
Fig. 20 shows the true stress-true strain curves and their corresponding derivatives (strain hardening 
rate) after 950°C solution treatment plus 400°C tempering and 1150°C solution treatment plus 
400°C tempering respectively. The data reveals that the tempering after 1150°C solution treatment 
leads indeed to higher strain hardening rate reserves at the later stages of deformation (Fig. 20a). 
On the other side, due to most of the carbon atoms are trapped in carbides, samples after solution 
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4. Mechanical properties upon different heat treatment (1.4034) 
treatment at 950°C plus 400°C tempering show no obvious differences during deformation (Fig. 
20b).  
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(b) 
Fig. 19. Stress strain curves of samples after 2 different solution treatments: (a) 950°C; (b) 1150°C 
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(a) 
       
(b) 
Fig. 20. True stress-true strain curves and corresponding strain hardening rate curves for the steel after 
400°C heat treatment at different time. (a) Prior solution treatment at 1150°C. The data reveals that the 
tempering, associated with the increasing in the austenite content via austenite reversion, yields higher 
strain hardening rate reserves at the later stages of deformation. (b) Prior solution treatment at 950°C 
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4. Mechanical properties upon different heat treatment (1.4034) 
4.3 Influence of reversion tempering temperature on mechanical properties 
 
Comparing the results from Fig. 19, the mechanical behaviors of the samples after 1150°C solution 
treatment show an interesting development during subsequent tempering. It is the tempering which 
gives such a good combination of strength and ductility. In the following, more attention is paid to 
the effect of the tempering temperature on the mechanical properties of the steel after 1150°C 
solution treatment.  
 
The original cold rolled and annealed steel band has UTS of 640 MPa and uniform elongation (UE) 
of 19%. After 1150°C solution treatment and water quench, the material is very brittle and failed 
already at a stress of 400 MPa in a brittle manner (Fig. 19b). Therefore, it is not possible to 
determine the UTS for this state. The hardness measurement shows that the as quenched state has a 
very high hardness (Fig. 22) which related to a high tensile strength. The relationship between 
Vickers hardness and tensile strength is calculated by plotting the values and calculating the slope 
(?Y / ?X = 3.5, Fig. 27). 
 
Fig. 21 shows the tensile test results of samples heat-treated at different temperatures (300°C, 
400°C and 500°C, respectively). For samples after 400°C tempering, as mentioned before, the 
stress strain curves show that the tempering gives a tremendous improvement in uniform elongation 
compared with the as quenched state. It can be seen that with increasing the tempering time, UTS 
decreases and UE increases. After 1 minute tempering, UE of the sample is about 13% with UTS 
around 2GPa; after 30 minutes tempering, about 23% of UE was determined with UTS more than 
1760MPa. If tempering at 500°C (Fig. 21c), the UTS reaches a high value (more than 1800 MPa) 
but the total elongation increases little with increasing tempering time (reach maximum after 2 
minutes tempering, with UE less than 13%). It is interesting to point out that increasing tempering 
time cannot improve the ductility further at this tempering temperature. On the opposite, the total 
elongation at fracture decreases with increasing tempering time. For tempering at 300°C, after 1 
min tempering, the ductility improves little, longer tempering time is necessary at this low 
tempering temperature (Fig. 21a). After 10 minutes tempering, the UTS of the material reaches 
1890 MPa with 14% uniform elongation. Increasing the tempering time at 300°C cannot increase 
the uniform elongation further. By comparing the mechanical properties of samples tempered at 
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different temperatures (Fig. 21d), 400°C tempering gives the optimum improvement both in UTS 
and in TE. 
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(d) 
Fig. 21. Mechanical properties of 1.4034 stainless steel after different treatment 
(a-c) stress strain curves of samples tempered at 300°C, 400°C, 500°C, respectively, (d) effect of 
tempering time and temperature on product of UTS and TE 
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Comparing the mechanical properties obtained after different tempering temperatures, the highest 
strength was always achieved after short tempering time. Concerning the very high hardness of the 
as quenched steel (related to even higher UTS by calculation), one can attribute this strength drop 
to the relaxation (tempering) of the quenched martensite. When comparing the longer tempering 
time at each tempering temperature, only 400°C tempering gives the obvious ductility improvement 
upon increasing the tempering time. At 300°C, long tempering time cannot increase the UE further; 
at 500°C, long tempering time is even deleterious to the ductility. In Fig. 21d, the product of 
UTS*TE was calculated for each tempering temperature and different tempering time. The 
mechanical properties of samples tempered at 400 °C yield the optimum combination of strength 
and ductility. 
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 Fig. 22. Hardness development upon 400°C heat treatment (related UTS on the right axis is 
calculated based on the hardness) 
 
Fracture surfaces of samples after different heat treatment procedures were subjected to 
fractographic analysis on a scanning electron microscope. The fractographic features were observed 
on the fracture surfaces of samples after solution treatment and water quench (Fig. 23a); tempering 
at 400°C for 1 minute (Fig. 23b) and tempering at 400°C for 30 minutes (Fig. 23c), respectively. 
Samples after solution treatment and water quench are very brittle and failed already in the elastic 
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deformation region during tensile test. Fig. 23a shows the fracture surface of brittle fracture, which 
is characterized by cleavage facets. After 400°C tempering for 1 minute, there are both dimple 
morphology and cleavage facet (marked in Fig. 23b) in the fracture surface. This indicates a 
conversion of the governing mechanism from brittle fracture to ductile fracture. Dimple 
morphology dominates the microstructure of fracture surface in samples after 30 minutes tempering 
at 400°C (Fig. 23c), indicating a complete ductile fracture in this sample. The ductility of samples 
at this condition reaches the maximum (23% total elongation) among the tested tensile results.  
 
 
(a) WQ 
 
 
 
(b) 400°C 1min 
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(c) 400°C 30min 
Fig. 23. Fracture surfaces of samples after different time of austenite reversion treatment at 400°C 
 
 
5. Phase fraction and microstructure development (high carbon steel: 0.4 
wt.%)
5.1 Original 1.4034 stainless steel 
5.1.1 Phase fraction determination 
The SEM picture (Fig. 24) depicts the as received material is after cold rolling and annealing. The 
microstructure comprises a ferritic matrix with highly dispersed carbides. The amount of each 
phase presenting in the material was determined by EBSD, feritscope and X-ray diffraction 
measurements on several areas. Fig. 25 shows the EBSD results of the cold rolled and annealed 
1.4034 martensitic stainless steel in as received state. The EBSD scan shows that there is no 
austenite in the original 1.4034 stainless steel. All the phases present in 1.4034 stainless steel are 
recrystallized bcc phase and dispersed M23C6 carbides (Fig. 25). In Fig. 25a, the large angle grain 
boundaries are also shown to identify bcc grains. In Fig. 25b, only Cr23C6 is present with other 
phases in black. Fig. 25c shows a detailed view of the microstructure, the carbides distribute in both 
bcc grain boundaries and inside the bcc grains. X-ray diffraction shows there are no peaks 
indicating gamma phase, only peaks for bcc and carbides appear in Fig. 26. 
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Fig. 24. Original 1.4034 stainless steel from ThyssenKrupp Nirosta 
 
 
 
                            (a)                                 (b)                                      (c) 
 
Fig. 25. EBSD scan of the original cold rolled 1.4034 stainless steel samples  
(a) phase map; (b) phase map showing only carbides; (c) detailed scan showing the position of carbides 
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Fig, 26. XRD peaks of cold rolled and annealed 1.4034 stainless steel 
5.1.2 Chemical composition analysis by APT 
Fig.27 shows an APT reconstruction of the original 1.4034 stainless steel for each element. In this 
reconstruction, only bcc matrix is acquired and in the investigated volume, the distribution of each 
element is homogenous in the matrix. The carbon content in the matrix is very low: 0.05 at.%. 
From the SEM picture, it can be seen that there are many M23C6 carbides distributed in the 
microstructure, therefore, most of the carbon is present in the carbides.  
 
 
Fig. 27. APT reconstructions for different elements in the original material. (C in bcc is 0.05 at.%) 
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5.2 Solution treated steel (1150°C 5 minutes) 
5.2.1 Phase fraction determination 
After 1150°C solution treatment, the sample was water quenched to room temperature. The 
microstructure at this stage is the starting microstructure for the subsequent experiment. It is used to 
compare the phase development and the mechanical properties changes during the subsequent 
austenite reversion treatment. Fig. 28 is a SEM picture showing the microstructure of the sample at 
this stage. From this SEM picture, it can be seen that most of the M23C6 carbides are dissolved, only 
a small amount of particles are still present after 5 minutes solution annealing. Lath martensite 
structure with very fine grain size can be clearly seen. Some retained austenite grains are also 
distributed in the microstructure. EBSD scan (Fig. 29) reveals a fraction of 19 vol.% retained 
austenite in the microstructure after solution treatment and water quench.    
 
Due to the area scanned by EBSD is limited, X-ray diffraction and feritscope measurement were 
also performed on the samples in order to get a better statistic of the phase amounts. Fig. 30 shows 
the X-ray diffraction peaks. There is about 8 vol.% retained austenite in the microstructure detected 
by XRD. Feritscope measurements for samples at this condition show 86 vol.% bcc (ferromagnetic). 
This indicates that there is 14 vol.% fcc.  
 
 
Fig. 28. SEM picture of sample after solution treatment and water quench (comparing with Fig. 24) 
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                   (a)                                                                                    (b) 
Fig. 29. EBSD scan of sample after 1150°C solution treatment and water quench 
(a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
 
Fig. 30. XRD peaks of 1.4034 stainless steel after 1150°C solution treatment and water quench 
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5.2.2 Detailed microstructure analysis by TEM 
The samples after solution treatment and water quench were investigated also in TEM. From the 
EBSD and XRD results, it is known that after solution treatment and water quench, the 
microstructure consists of retained austenite and quenched martensite. The TEM characterization 
shows there is lath martensite in the microstructure (Fig. 31). On the other side, however, the 
retained austenite was not observed in the as quenched state by TEM.  
 
         
 
Fig. 31. TEM pictures of samples after 1150°C solution treatment and water quench 
 
5.2.3 Interface analysis by APT 
The carbon distribution, especially the local concentration of carbon in the individual phases, grain 
boundaries or interface boundaries is the key parameter that influences the phase transformation 
and mechanical properties. The assignment of carbon in the measured mass spectrum is described 
in appendix B. Based on this carbon assignment method, the distribution of carbon atoms and the 
carbon concentration development in different phases and interfaces were analyzed by APT and 
IVAS software. In APT, the different phases are identified by their carbon content. To be more 
statistical, the Region-of-interest areas (as shown in Fig. 15) are set in each phase to calculate 
carbon concentration of each phase. 
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In Fig. 32a, the three dimensional reconstruction of the atomic positions of samples after solution 
treatment and water quench is shown to demonstrate the carbon atoms distribution among 
martensite, austenite and interfaces. Fig. 37a shows the investigated volume with only carbon atoms 
displayed (pink).  
 
In Fig. 32a, it can be seen that in this measured area, there is carbon enrichment along an interface 
between martensite and austenite (distinguished by their different carbon contents). Detailed 
chemical analysis shows that on the right of the boundary the carbon concentration is 1.90 at.% (in 
austenite) while on the left of the boundary the carbon concentration is only 0.98 at.% (in 
martensite). There are also some carbon clusters appearing in both austenite and martensite in Fig 
32a. The chemical analysis shows that the carbon concentration in these clusters is about 3 at.%, so 
these clusters cannot be carbides. In the boundary area, the carbon content reaches about 4-6 at.%. 
Fig. 32b is the same reconstruction as shown in Fig. 32a including 2 at.% (corresponding to the 
nominal carbon concentration of the steel, 0.44 wt.%) carbon iso-concentration surfaces (green). 
Fig. 32c shows the carbon concentration changes across boundary (along the yellow rod in Fig. 
32a). This boundary profile indicates that after water quench, there is already carbon enrichment in 
the interface areas. 
 
 
(a)                                                   (b) 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
 
(c) 
Fig. 32. 3-D reconstructions of sample after water quench (a). Carbon atoms are displayed in pink. 
The different phases are marked in the pictures. Carbon iso-concentration surfaces (2 at.%, 
correspond to 0.44 wt.%, green) are shown in (b).  
Cross boundary profiles (along the yellow rod in a) are shown in (c) 
 
5.3 After austenite reversion tempering at 400°C 
5.3.1 Tempering at 400°C for 1 minute 
5.3.1.1 Phase fraction determination 
 
Fig. 33 shows the EBSD results of samples after 400°C austenite reversion treatment for 1 minute. 
After 1 minute treatment, the amount of austenite changes little. The EBSD results show that there 
is 18 vol.% austenite in the microstructure. Feritscope measurements for samples at this condition 
show 82 vol.% bcc (ferromagnetic). This indicates that there is 18 vol.% fcc. 
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                    (a)                                                                                    (b) 
Fig. 33. EBSD scan of sample after 1150°C solution treatment and water quench plus 400°C 1min 
austenite reversion treatment. 
(a) Phase map; (b) Inverse pole figure (IPF || ND) showing only austenite and only martensite, 
respectively 
 
5.3.1.2 Detailed microstructure analysis by TEM 
 
After 1 minute tempering, 2 new phases can be seen from TEM: nano-sized carbides and thin 
austenite films. Similar as the quenched stage, the major phase is lath martensite. Inside the 
martensite lath, there are many finely dispersed nano-sized carbides (Fig. 34). The carbides have an 
average length of 70nm. Carbon extraction replica method was selected to investigate these 
carbides [Ashby 1969, Mukherjee 1968, Rühle 1995]. The diffraction pattern of the extracted 
carbides shows that they have a M3C microstructure (Fig. 35). The Energy Dispersive Spectroscopy 
(EDS) analysis shows the metal content in the carbide (M in M3C) amounts to 74 at.% Fe and 26 
at.% Cr, i.e. the Cr/Fe atomic ratio is 0.35 (Fig. 36). The measured chromium content in the M3C 
carbides significantly deviates from the nominal chromium concentration of 14.2 at.% Cr / 82.5 
at.% Fe = 0.17.  
 
The thin austenite films were observed after 1 minute tempering. In contrast to the as quenched 
condition where retained austenite was not found in several TEM samples, Fig. 37a shows the 
formation of a probable reverted austenite grain (carbon concentration is needed to distinguish 
reverted and retained austenite, which is discussed in 9.1) that is located at a former martensite- 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
martensite grain boundary. Fig. 37b is a close up view of a thin film austenite zone which is 
surrounded by martensite.  
 
    
 
Fig. 34. TEM pictures of samples after 400°C 1minute austenite reversion treatment (showing carbides) 
 
 
Fig. 35. Convergent Beam Electron Diffraction (CBED) of individual carbides 
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                                  (a)                                                                          (b) 
Fig. 36. (a) TEM observation of individual carbide by using carbon replica method.  
(b) Energy Dispersive Spectroscopy (EDS) of one example carbide. 
 Average composition of 28 carbides: 74% Fe – 26% Cr, Standard Deviation 5% 
 
     
 
(a)                                                                              (b) 
 
Fig. 37. TEM pictures of samples after 400°C 1minute austenite reversion treatment (showing probable 
reverted austenite) (1150°C 5min+400°C 1min) 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
5.3.1.3 Interface analysis by APT 
 
The samples after solution treatment and austenite reversion tempering at 400°C for different time 
were investigated by APT. The three dimensional reconstruction of carbon positions was 
established. Samples tempered at 400°C for 1 minute (Fig. 38) are shown to demonstrate the carbon 
atoms distribution and immigration during austenite reversion treatment among martensite, 
austenite and precipitates. Again, Fig. 38 shows the investigated volume with only carbon atoms 
displayed (pink). 
 
(a) 
 
 
(b) 
Fig. 38. 3-D reconstructions of sample tempered at 400°C for 1 minute (a). The different phases are 
marked in the pictures. Cross boundary profiles (along the yellow rod) are shown in (b) 
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After 1 minute tempering, a carbon enriched austenite region can be found in the middle of the 
frame box (Fig. 38a). It is located between two martensitic grains, which are identified by its 
carbon concentration. There is 6.86 at.% carbon in the austenite but only 0.82 at.% carbon in 
martensite adjacent to the austenite.  
5.3.2 Tempering at 400°C for 2 minute 
5.3.2.1 Phase fraction determination 
 
After 2 minutes tempering, the austenite amount increases drastically. The EBSD scan shows that 
numbers of very fine austenite grains appear in the microstructure (Fig. 39). The amount of 
austenite, including both retained austenite and newly formed reverted austenite, increases to about 
30 vol.%. Feritscope measurements for samples at this condition show 77 vol.% bcc 
(ferromagnetic). This indicates that there is 23 vol.% fcc. 
 
 
(a)                                                                           (b) 
Fig. 39. EBSD scan of sample after 1150°C solution treatment and water quench plus 400°C 2min 
austenite reversion treatment. 
 (a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
5.3.2.2 Interface analysis by APT 
 
After 2 minutes tempering, in the acquired volume, the austenite at the bottom of the frame box and 
martensite on the top of the frame box can be clearly distinguished by the difference of carbon 
concentration (Fig. 40a). After analyzing the chemical content in each phase area, there is 2.25 at.% 
carbon in the austenite but only 0.25 at.% carbon in martensite adjacent to the austenite. Carbon 
concentration profiles along the yellow rod (across the interface) are shown in Fig. 40b. 
 
(a) 
 
(b) 
Fig. 40. 3-D reconstructions of sample tempered at 400°C for 2 minutes (a). The different phases are 
marked in the pictures. Cross boundary profiles (along the yellow rod) are shown in (b) 
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5.3.3 Tempering at 400°C for 10 minute 
5.3.3.1 Phase fraction determination 
 
Comparing with samples after 2 minutes tempering, the austenite amount in samples after 10 
minutes tempering increases only a little. The EBSD scan shows that the amount of austenite, 
including both retained austenite and newly formed reverted austenite, is about 31 vol.% (Fig. 41). 
Feritscope measurements for samples at this condition show 80 vol.% bcc (ferromagnetic). This 
indicates that there is 20 vol.% fcc. This documents the austenite reversion procedure entered a 
slower stage after the first few minutes of tempering. 
 
 
(a)                                                                    (b) 
Fig. 41. EBSD scan of sample after 1150°C solution treatment and water quench plus 400°C 10min 
austenite reversion treatment. 
(a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
 
5.3.3.2 Interface analysis by APT 
 
After 10 minutes tempering, in the measured volume, there are two carbon enriched areas: the 
upper carbon-rich area has a carbon content of 4.02 at.% while the lower carbon-rich area has a  
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
 
(a) 
 
 
(b) 
 
Fig. 42. 3-D reconstructions of sample tempered at 400°C for 10 minutes (a). The different phases are 
marked in the pictures. Cross boundary profiles (along the yellow rod) are shown in (b) 
 
carbon content higher than 22 at.%. Concerning the carbon concentration of each area, the upper 
carbon-rich area is identified as an austenite grain and the lower carbon-rich area is identified as a 
carbide. This austenite grain is located between two martensite grains. There is 0.65 at.% carbon in the 
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martensite area adjacent to the austenite. From the one dimension concentration profile through this 
martensite-austenite-martensite area (the yellow rod in fig. 42a), a similar carbon profile as the sample 
after 1 minute tempering is acquired (Fig. 42b). The differences are that after 10 minutes tempering, the 
carbon content in the austenite grain is smaller, and the carbon concentration gradient is smaller inside 
the austenite grain (a flat carbon content curve in austenite region). 
5.3.4 Tempering at 400°C for 30 minute 
5.3.4.1 Phase fraction determination 
 
After 30 minutes tempering, the amount of austenite reaches more than 40 vol.%. The EBSD scan 
shows not only finely dispersed small austenite grains, but also some large retained austenite (Fig. 
43). Fig. 44 shows the X-ray diffraction peaks of the samples after solution treatment and 30 
minutes tempering at 400°C. The XRD results show there is 39.3 vol.% austenite in the material. 
Feritscope measurements for samples at this condition show 59 vol.% bcc (ferromagnetic). This 
indicates that there is 41 vol.% fcc. 
 
(a)                                                                         (b) 
Fig. 43. EBSD scan of sample after 1150°C solution treatment and water quench plus 400°C 30min 
austenite reversion treatment. 
(a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
 
Fig. 44. XRD peaks of samples after 30 minutes tempering at 400°C 
 
5.3.4.2 Detailed microstructure analysis by TEM 
 
After 30 minutes tempering, the M3C carbides grow to a larger size (Fig. 45a, b). The average 
particle length is 140 nm. More and more austenite can be found in the microstructure. Fig. 45c, d 
show the austenite after 30 minutes tempering at 400°C with stacking faults inside. Fig. 45e, f show 
austenite in bright and dark field, respectively.  
 
       
(a)                                                                               (b) 
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 (c)                                                                                    (d) 
  
       
(e)                                                                                 (f) 
 
Fig. 45. TEM images of samples tempered at 400°C for 30min. 
(a) and (b): coarsened carbides; (c) and (d): austenite with stacking fault inside; (e) and (f): close-up 
views of austenite that is surrounded by martensite 
 
Electron diffraction analysis reveals that a Kurdjumov-Sachs orientation relationship exists between 
the martensite matrix and the austenite, Fig. 46. 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
 
 
Fig. 46. Electron diffraction analysis reveals that a Kurdjumov-Sachs orientation relationship exists 
between the martensite matrix and the austenite 
(after 400°C 30 minutes austenite reversion treatment) 
 
5.3.4.3 Interface analysis by APT 
 
After 30 minutes tempering, different carbon enriched areas, which correspond to different phases, 
can be clearly distinguished. The analyzed volume can be divided into 2 regions: on the top with 
low carbon content (corresponds to martensite) and on the bottom with higher carbon content 
(corresponds to austenite). Inside the martensitic region, there are some extremely high carbon 
enriched areas. Fig. 47 shows the carbon atom clusters in this martensitic region, which indicate the 
position and morphology of carbides. The APT reconstruction results in a value of 25.1 at.% carbon 
in these particles while in the martensitic matrix the carbon content is only 0.48 at.%. The element 
enrichment in different phases can be defined by an enrichment factor ? (Eq. 1, to compare the 
chemical composition in one phase before and after tempering), and the value of ? for each state is 
calculated and listed in Table 2.  
quenched  as
tempered??                        Eq. 1 
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(a) 
 
(b) 
Fig. 47. 3-D reconstructions of samples tempered at 400°C for 30 minutes (a). The different phases 
are marked in the pictures, a M3C carbide is taken out and shown adjacent (frame scale in nm). 
Cross boundary profiles (along the yellow rod) are shown in (b) 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
5.3.5 Summary of phase development during 400°C austenite reversion tempering 
Fig. 48 shows the phase fraction of austenite versus tempering time for tempering temperature at 
400°C. The results are from 3 different measurement methods: EBSD, XRD and feritscope. After 
solution treatment and water quench, the material contains about 15% retained austenite (the XRD 
results show that there is about 8 vol.% austenite retained). The local variation of the austenite 
content after 1 and 2 minutes tempering was larger compared to the other conditions. In the first 2 
minutes, the amount of austenite increases very fast, indicating the formation of reverted austenite. 
After 2 minutes tempering, reverted austenite formed at a lower rate. After 30 minutes, nearly 40% 
austenite can be found in the microstructure. 
 
The austenite development during tempering can be seen by displaying the austenitic phase only in 
Fig. 49, which shows an in situ observation on sample before and after tempering. Newly formed 
reverted austenite can be clearly seen after 5 min tempering. There are two kinds of newly formed 
austenite: one kind looks like the growth of retained austenite; the other kind is completely newly 
formed in the martensitic matrix. 
 
 
Fig. 48. Relationship between austenite amounts and tempering time (tempered at 400°C) 
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(a)                                                                   (b) 
Fig. 49. In situ EBSD observation (IPF||ND, only austenite shown) of reverted austenite (a) as 
quenched (b) after 5 minutes tempering at 400°C  
 
Table 2 lists the carbon concentration in each phase at different stage of heat treatment. The 
retained austenite has a carbon content a little higher than the nominal carbon content of the steel 
(2-3 at.%); the size of the retained austenite is also larger (Fig. 40, Fig. 47). The reverted austenite 
has very high carbon content (4-8 at.%) with a film morphology. 
 
Table 2. Change of the carbon content observed in each phase via atom probe tomography during 
annealing, quenching, and austenite reversion. The carbon partitioning to the different phases is 
quantified in terms of the enrichment factor ?=(at.% C tempered)/(at.% C as quenched) which allows to 
compare the chemical composition in the phases before and after tempering. 
 
State of samples austenite
(at.%) 
martensite
(at.%) 
Boundary
(at.%) 
reverted 
austenite (at.%) 
nominal composition 
(annealing at 1150°C) 
1.97% -- -- -- 
as quenched 1.90% 0.98% 4.52% -- 
after tempering 
(400°C/1 min) 
-- 0.82% 
(?=0.84) 
-- 6.86% 
(?=3.61) 
after tempering 
(400°C/2 min) 
2.25 0.25 -- -- 
after tempering 
(400°C/10 min) 
-- 0.65 -- 4.02 
after tempering 
(400°C/30 min) 
2.42% 
(?=1.27) 
0.48% 
(?=0.49) 
-- -- 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
5.4 After tempering at 300°C or even lower 
 
The mechanical properties of samples after 1150°C solution treatment and 300°C tempering are 
shown in Fig. 21a. The hardness measurements show that after 10 minutes tempering, the hardness 
becomes stable. The HV values cannot be changed even though the tempering time rises to 120 
minutes (Fig. 50).  
5.4.1 Tempering at 300°C for 2 minutes (short time) 
From the stress strain curves of samples after 300°C tempering (Fig. 21a), it can be seen that after 1 
or 2 minutes tempering, the samples are still brittle, the quenched martensite is tempered at this 
stage. Fig. 51 shows the EBSD results of samples after 300°C tempering for 2 minutes. There is 17 
vol.% austenite in the microstructure. Feritscope measurements show that there is 79 vol.% bcc 
(ferromagnetic). This indicates that there is 21 vol.% fcc.  
 
 
Fig. 50. Hardness values (HV10) of samples tempered at 300°C (1.4034) 
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                     (a)                                                                                   (b) 
 
Fig. 51. EBSD scan of sample after 1150°C solution treatment and water quench plus 300°C 2min 
austenite reversion treatment. 
(a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
5.4.2 Tempering at 300°C for 30 minutes (long time) 
5.4.2.1 Phase fraction determination 
 
Samples after 300°C tempering for long time can also achieve good ductility although the UE is 
smaller compared with 400°C tempering condition. Fig. 52 shows an EBSD scan of sample 
tempered at 300°C for 30 minutes. 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
 
(a)                                                                    (b) 
Fig. 52. EBSD scan of sample after 1150°C solution treatment and water quench plus 300°C 30min 
austenite reversion treatment. 
(a) Phase map; (b) Inverse pole figure (IPF ||ND) showing only austenite and only martensite 
respectively 
 
5.4.2.2 APT analysis 
 
Fig. 21a shows the mechanical properties of samples after 300°C tempering. Samples show better 
ductility when tempered longer than 10 minutes, so samples after longer tempering time were 
chosen to perform APT measurement. Fig. 53 shows the 3D reconstruction of sample after 30 
minutes tempering at 300°C. The retained austenite can be seen on the top of the measured frame. 
The average carbon concentration in the austenite is 3.2 at.% while there is only 0.5 at.% carbon in 
the martensite (bottom).  
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(a) 
 
 
(b) 
 
Fig. 53. 3-D reconstructions of sample tempered at 300°C for 30 minutes (a). The different phases 
are marked in the pictures. Cross boundary profiles (along the yellow rod) are shown in (b) 
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5. Phase fraction and microstructure development (high carbon steel: 0.4 wt.%) 
5.4.3 Tempering at 180°C 
Samples after 180°C tempering till 60 minutes show brittle fracture. The behavior of the sample in 
this condition shows a simple tempering effect with increasing tempering time (Fig. 54). 
Comparing the mechanical properties of samples after austenite reversion treatment at higher 
temperatures, the ductility improvement by tempering is limited. 
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Fig. 54. Stress strain curves of samples tempered at 180°C 
 
5.4.4 Summary of phase development during low temperature (300°C and 180°C) austenite 
reversion tempering 
Fig. 55 shows the phase fraction of austenite versus tempering time for tempering temperature of 
300°C. The results are from feritscope measurements. The XRD measurements show that after 120 
minutes tempering, the amount of austenite remained at about 6 vol.%, which is similar as the XRD 
result of quenched state. The tendency of the curve shows that there is no obvious austenite amount 
increase during 300°C tempering.  
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Fig. 55. Relationship between austenite amount and tempering time 
(tempered at 300°C, results from feritscope measurements) 
 
6. Phase development during deformation 
6.1 Microstructure changes during deformation 
6.1.1 After 400°C austenite reversion treatment 
The microstructures of the samples tempered with 0, 1 and 2 min are shown in Fig. 56. The as 
quenched material (0 min tempering time) was very brittle and failed already during elastic 
straining during the tensile test. From the microstructure it can be seen (Fig. 56b, left: before tensile 
test; right: after tensile test, for each state) that only a small amount of austenite was transformed to 
martensite when the material failed and austenite bands can still be found near the fracture. For 
samples after 400°C tempering, no premature failure takes place and the total elongation reaches 
14%. The microstructures at the fracture show nearly no austenite left indicating that austenite to 
martensite transformation took place during the test. Secondary cracks along the tensile direction 
are visible in the EBSD scans. It seems that these cracks follow the bandlike austenite regions, 
which transformed during straining to untempered martensite.       
 
 69 
 
6. Phase development during deformation 
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Fig. 56. Relationship between austenite content (from EBSD scans) and tempering time at 400°C (a); 
Microstructures of samples before and after tensile test at different tempered states (left: before tensile 
test; right: after tensile test, b) 
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After 1 minute tempering the maximum tensile strength (2GPa) without premature failure is 
achieved. The microstructures of samples at this stage were investigated by TEM observations 
before and after deformation (Fig. 57). Before deformation, there are some carbides formed in the 
matrix. After deformation, the interaction between carbides and dislocations can be seen. This 
particle-dislocation interaction also contributes to the high strength of samples at this stage 
(Appendix C). 
 
 
                                     (a)                                                                             (b) 
 
Fig. 57. TEM images of samples tempered at 400°C for 1min 
(a) without deformation; (b) after 3% tensile deformation 
 
6.1.2 After 300°C heat treatment 
After a short time tempering (2 min) at 300°C, the material is still brittle, many retained austenite 
grains are still untransformed when the sample failed (Fig. 58). With increasing tempering time, for 
example, till 30 min, the material becomes ductile and there is less austenite left in the area near 
fracture.   
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6. Phase development during deformation 
 
(a) 
 
 
             0 min                                                     2 min                                          30 min 
(b) 
Fig. 58. Relationship between austenite content and tempering time at 300°C (a) 
Microstructures of samples before and after tensile test at different tempered states (left: before tensile 
test; right: after tensile test, b) 
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 6.2 Strain distribution and related austenite position  
 
After solution treatment and water quench, the material is very brittle and failed at the beginning of 
tensile test. There is still untransformed retained austenite when the sample failed during 
deformation (Fig. 59, fracture area shows untransformed retained austenite). By analyzing this area 
with KAM, most of the strain is concentrated in the martensitic area (red color in KAM); there is 
nearly no strain in the retained austenite left at the fracture area (green color in KAM).  
 
The samples after austenite reversion treatment were tensile deformed and then analyzed by EBSD. 
The KAM pictures of the deformed samples show that the strain distribution is more homogeneous 
at the fracture area (Fig.60 in bcc). Nearly no austenite is left at the fracture area. Some distance 
away from the fracture, the austenite grains show different colors from green to red in KAM picture 
(Fig. 61). This reflects the strain distribution among the untransformed austenite grains. 
 
 
 
Fig. 59. KAM pictures of samples after solution treatment and water quench (at fracture). 
KAM pictures serve as a measure of the deformation-induced local orientation gradients 
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6. Phase development during deformation 
 
 
Fig. 60. KAM pictures of samples after solution treatment and water quench plus heat treatment at 
400°C for 2min (at fracture) 
 
 
 
Fig. 61. KAM pictures of samples after solution treatment and water quench plus heat treatment at 
400°C for 30min (6mm away from fracture) 
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Using high-resolution EBSD scan (operated at 7.5 kV), a more detailed view of the shape of 
reverted austenite (Fig. 62) is obtained. The reverted austenite is formed like a film at the 
martensitic grain boundaries. This austenite film might act as a barrier surrounding the martensitic 
grains and preventing cracks propagation during deformation. 
 
 
 
Fig. 62. High-resolution EBSD scan (20 nm step size) of the sample tempered at 400°C for 30 minutes. 
The pictures show that on some martensite grain boundaries a very thin reverted austenite layer exists. 
This thin austenite film might act as a compliance or respectively repair layer against damage 
percolation entering from the martensite grain. Austenite: red; martensite: green 
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Part 2 Results of Fe-13Cr-0.2C stainless steel (low carbon) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part 2 Results of Fe-13Cr-0.2C stainless steel 
(low carbon) 
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7. Mechanical properties after different heat treatments (low carbon: 
0.21 wt.%) 
7.1 Processing parameter determination for 1.4021 
 
The Ae3 temperature (840°C) for 1.4021 steel is also calculated by Thermo-Calc software using the 
TCFE5 database. The results show that the holding temperature should be above 840°C in order to 
get a fully austenitized structure. In this calculation, it can be also derived that the carbides will be 
dissolved in austenite at about 1000°C (Fig. 63). In order to ensure chromium carbides dissolution 
(and make the experiments and results more comparable with the high carbon case, 1.4034), the 
solution treatment temperature was again set at 1150°C.  
 
The results of dilatometer tests on 1.4021 steel are shown in Fig. 64. The heating rate was set at 
10°C/s, and cooling rate -30°C/s. Above 930°C, the microstructure is fully austenitized. The Ms 
temperatures were derived from the dilatometer tests (253°C after 1150°C annealing and 316°C 
after 950°C annealing). Thermo-Calc calculation shows the carbon content of austenite when 
annealing at different temperatures (Fig. 65).  
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Fig. 63. Phase development when heat-treated at different temperatures 
(calculated by Thermo-Calc for 1.4021 stainless steel) 
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7. Mechanical properties after different heat treatments (low carbon: 0.21 wt.%) 
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      (a)                                                                          (b) 
Fig. 64. Dilatometer results showing austenite start (As) temperature, austenite finish (Af) 
temperature upon heating and martensite start (Ms) temperature during cooling (1.4021) 
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Fig. 65. Calculated equilibrium carbon content in austenite at different annealing temperatures 
(1.4021) (Thermo-Calc TCFE5) 
7.2 Mechanical properties 
 
The original 1.4021 cold band has an ultimate tensile strength of 580 MPa and a uniform elongation 
of 18%. After 1150°C solution treatment and water quench, the material failed also in the elastic 
deformation region at a stress of 820 MPa in a brittle manner (Fig. 66). Compared with 1.4034 
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stainless steel (0.44 wt.%C), the as quenched state of 1.4021 stainless steel is a little more ductile 
(due to less carbon content in martensite). After 1 minute tempering, the ductility of the material is 
significantly improved. The total elongation at fracture reaches 8%; the UTS of this sample is 1460 
MPa. After 30 minutes tempering, the TE of the sample is 8.8% and the UTS stays around 
1500MPa. The small difference in mechanical properties under these two conditions means an 
increase of tempering time at 400 °C with no obvious change of ductility. Only 1 minute tempering 
time is sufficient for this low carbon steel to achieve optimum combination of strength and ductility. 
 
The hardness measurements of the steel after different heat treatment routes are shown in Fig. 67. 
The hardness of the as quenched 1.4021 stainless steel (590 HV10) is much smaller than the 
hardness of the as quenched 1.4034 stainless steel (680 HV10). The low carbon concentration in the 
quenched martensite of 1.4021 stainless steel is the main reason for the low hardness. After 1 
minute tempering, the hardness drops to 510 HV10. Further tempering cannot obviously change the 
hardness (after 30 minutes tempering, 480 HV10). The development of mechanical properties at 
400°C reflects a simple tempering of the steel. 
 
 
 
Fig. 66. Mechanical properties of 1.4021 stainless steel after different heat treatments 
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8. Phase fraction and microstructure development (low carbon: 0.21 wt.%) 
 
 
Fig. 67. Hardness (HV10) of samples after different heat treatments (1.4021) 
 
8. Phase fraction and microstructure development (low carbon: 0.21 
wt.%)
8.1 Original 1.4021 stainless steel 
 
The EBSD scans of the cold rolled and annealed 1.4021 martensitic stainless steel in as received 
state are shown in Fig. 68. Similar as 1.4034 stainless steel, the EBSD scans show that there is no 
austenite in the original 1.4021 stainless steel. All the phases presented in 1.4021 stainless steel are 
martensite and dispersed Cr23C6 carbides. In Fig. 68a, the large angle grain boundaries are shown to 
identify bcc grains. In Fig. 68b, only Cr23C6 is presented with other phases in black. Fig. 68c shows 
a detailed view of the microstructure, the carbides distribute in both bcc grain boundaries and inside 
the bcc grains. 
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(a)                                      (b)                                  (c) 
 
Fig. 68. EBSD scan of cold rolled and annealed 1.4021 stainless steel 
(a) Phase map; (b) showing only carbides; (c) detailed scan showing the carbides positions 
 
8.2 Solution treated steel (1150°C 5 minutes) 
 
After 1150°C solution treatment and water quench, there is no retained austenite left in the 
microstructure (Fig. 69b). Comparing with 1.4034 stainless steel (Ms=118°C, Mf is lower than 
room temperature), the Ms and Mf temperatures of 1.4021 stainless steel are higher (Ms=253°C and 
Mf=100°C). When quenched to room temperature, nearly all of the austenite transformed to 
martensite. 
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8. Phase fraction and microstructure development (low carbon: 0.21 wt.%) 
 
(a)                                                                         (b) 
 
Fig. 69. EBSD scans of samples before (a) and after (b) 1150°C solution treatment and water quench 
respectively 
 
8.3 After austenite reversion treatment at 400°C 
 
Even after tempering at 400°C for 30min, no austenite can be detected by EBSD (Fig. 70), which 
indicates no obvious austenite reversion happened in this steel during 400°C tempering. The 
feritscope results also show the bcc and fcc fractions remain unchanged after tempering for 
different time.  
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(a)                                                                         (b) 
 
Fig. 70. EBSD scans of samples after 1150°C solution treatment and water quench plus 400°C 1min (a) 
and 400°C 30min (b) heat treatment, respectively 
8.4 Summary of phase development during 400°C tempering 
 
After solution treatment at 1150°C and water quench, the material shows a quenched martensitic 
microstructure. The subsequent heat treatment at 400°C cannot form reverted austenite in the low 
carbon 1.4021 stainless steel samples. The effect of the 400°C heat treatment is therefore only 
restricted to a classical tempering of the quenched martensite. 
 83 
 
Chapter 5 Discussions 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 Discussions 
 
84
9. Discussion 
9.1 Mechanism of austenite reversion 
 
The microstructures observed by EBSD and TEM allow monitoring the austenite development at 
the mesoscopic scale: during the initial high temperature solution annealing in the austenitic regime, 
the carbides were dissolved nearly completely (Fig. 16, 17). Only small particles were still 
detectable after the solution treatment which might be remnants from lager particles. The high 
content of solute carbon that is present in the austenite after carbides dissolution decreases the Ms 
and the Mf temperatures of the austenite. This results in a lowering of the Mf temperature even 
below room temperature. Hence, 8-20 vol.% retained austenite exists after quenching the solution 
annealed material to room temperature, Fig. 48. The microstructures of the samples at this stage are 
quenched martensite and retained austenite. It is worthy to point out here that for the as quenched 
state, retained austenite is not found among several TEM samples. The disappearance of retained 
austenite might be caused by the thin film sample preparation, which means, nearly all of 
the retained austenite has transformed into martensite in the thin TEM foils. This phenomenon can 
be explained as follows: austenite is retained after quenching owing to the constraints of the 
surrounding martensite.  When the material is thinned for TEM, this meta-stable retained austenite 
is no longer constrained and it transforms into martensite. In the TEM, this appears in the tempered 
(austenite reversion tempering) microstructures as martensite grains with no evidence of carbide 
precipitation. The reverted austenite grows without constraints and it is stable in the thin foils. 
 
Due to the high carbon content in austenite after solution treatment, the Ms temperature is 
decreased to 118°C. The diffusion coefficient of carbon at 118°C in ferrite is D?= 6.26×10-17 m2/s 
and D?= 1.73×10-29 m2/s in austenite. The calculated diffusion length (within 1 second) for carbon 
in bcc after martensitic transformation is 1.9×10-8 m while in retained austenite only 1.0×10-14 m. 
Therefore, after water quench, the carbon content in retained austenite should be the same as the 
nominal carbon content of the steel. Due to the fast diffusion rate of carbon in martensite (even 
after martensitic transformation at a low temperature, Ms=118°C), the carbon can segregate at the 
martensite-martensite boundaries or martensite-austenite boundaries, resulting in a lower carbon 
content in martensite grains after water quenched to room temperature. 
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9. Discussion 
 
After tempering at 400°C for 30 minutes, the area fraction of austenite increases to about 40%. This 
change documents that strong austenite reversion takes place even at this low temperature. The 
local variations in the austenite dispersion after short tempering time were larger compared to 
longer tempering time. This heterogeneity can be attributed to the re-austenitization kinetics and 
topology to the mean diffusion range of the carbon and to the distribution of the carbon sources. 
Using the data of Speer et al [Speer 2004] for the diffusion coefficients in ferrite D?= 2×10-12 m2/s 
and in austenite D?=5×10-17 m2/s, the mean free paths for carbon (1.5×10-4 m in ferrite and 7.4×10-7 
m in austenite) at 400°C and 30 minutes are obtained (Table 3). 
 
Table 3. Diffusion data for carbon in ferrite and austenite taken from [Speer 2004]. For the current 
heat treatment case of 400°C (673K) the diffusion coefficient is D?= 2×10-12 m2/s in ferrite and 
D?= 5×10-17 m2/s in austenite. The table gives the mean free paths for the different tempering stages. 
The diffusion of carbon in the ferrite can be regarded as a lower bound. The corresponding value 
for martensite is likely to be higher owing to the high defect density of the martensite. 
 
Time / min Austenite / m Ferrite / m 
1 1.3×10-7 2.7×10-5 
2 1.9×10-7 3.8×10-5 
30 7.4×10-7 1.5×10-4 
 
This means that austenite reversion starts at decorated defects (e.g. internal interfaces) where the 
local carbon concentration is high enough and the nucleation energy barrier low enough to promote 
the formation of this phase. Fig. 38 and Fig. 46 confirm this assumption. The TEM analysis also 
suggests that austenite reversion proceeds via a Kurdjumov-Sachs relationship. Shtansky et al. 
[Shtansky 2000] found the same crystallographic relationship during reverse transformation in a 
Fe–17Cr–0.5C (wt.%) tempered martensite. 
 
An important aspect of the pronounced austenite reversion in the current case is that the competing 
formation of M23C6 carbides (most likely in boundary area) is suppressed at 400°C. As a result, fine 
M3C carbides formed in the martensitic matrix. This means that at the interfaces, more carbon is 
available to stabilize and promote austenite formation. 
 
Thermo-Calc software is used to estimate the driving force of austenite reversion for the current 
alloy and tempering conditions. The results reveal that if the carbon concentration in the bulk 
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martensite (?’) exceeds 1.21 wt.% (5.45 at.%), austenite (?) will form at 400°C, provided that the 
nucleation barrier is overcome (Fig. 71). This result confirms our suggestion made above, namely, 
that no bulk austenitization can occur at this temperature since the average carbon content of the 
matrix is too low. Instead, it is assumed that only certain lattice defects (interfaces) can provide the 
nucleation conditions and a sufficiently high carbon concentration for local austenite formation, Fig. 
37, 46. This leads to an increase in the overall austenite fraction. Fig. 56 shows that 2 minutes heat 
treatment at 400°C leads to an increase in the austenite content from 18.9 vol.% to 29.7 vol.%. 
Thermo-Calc predictions show that in the 1.4034 stainless steel carbon provides the required 
driving force for this low-temperature austenite reversion. Substitutional atoms, particularly Cr, do 
not participate in reversion in the current alloy owing to their limited mobility at 400°C (Appendix 
D), i.e. the driving force for transformation is here provided exclusively by the high carbon 
enrichment rather than by substitutional depletion of the austenite.  In appendix D, the calculated 
diffusion path for chromium explains the observed homogeneous chromium distribution in each 
phase. Moreover, this is in accordance with the work of Miyamoto [Miyamoto 2010].  
 
The chemical potential of carbon in different phases can be calculated by Thermo-Calc software. 
The calculated Gibbs free energy-composition diagrams for bcc and fcc at 300°C, 400°C and 500°C 
are used to deduce ?G curves at each temperature. With increasing the temperature, the critical 
carbon content needed for austenite reversion decreases. Based on these calculations, the ?G curves 
are shown in Fig. 71 for different temperatures.  
 
From Fig. 71, higher tempering temperature requires lower carbon enrichment for austenite 
reversion, which means the reverted austenite should be formed easier. However, the measured 
mechanical properties show the ductility even drops with increasing the tempering time during 
500°C tempering (Fig. 21c). This might be due to at higher temperature, the formation of carbides 
is much easier. The consumption of carbon by carbides formation is severe and the austenite 
reversion is suppressed. Another factor that may influence the austenite reversion is carbon 
segregation. A relationship between the degree of segregation and temperature exists for binary 
systems (Eq. 2):  
                                     Eq. 2 
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where cb is the segregating atom concentration on the boundary to which segregation is occurring, 
cg is the segregating atom concentration in the unsegregated regions, A is a constant, k is 
Boltzmann’s constant and T is the absolute temperature. E is the free energy of segregation, that is, 
the reduction in energy of the segregating atom in the segregated site, e.g. a grain boundary 
[Faulkner 1981]. This equation indicates that the equilibrium segregation of carbon to interfaces is 
temperature dependent (more pronounced at lower temperatures). Carbon solubility in ferrite 
(martensite) is increasing with temperature. Heat treated at higher temperature (500°C) may cause 
more carbon dissolved in martensite. At the same time, diffusion rate of carbon inside retained 
austenite also increases at higher temperature. These make it difficult for carbon accumulation at 
martensite-austenite phase boundaries. Less enrichment of carbon at interfaces may also suppress 
the austenite reversion. 
 
The nominal carbon content of 1.4021 stainless steel is also marked in Fig. 71. For this low carbon 
steel (0.21 wt.%), the carbon enrichment for achieving the critical carbon concentration to start the 
austenite reversion is more difficult. Therefore, in 1.4021 stainless steel, the carbon partitioning 
from supersaturated martensite to retained austenite (if there is) and the carbides formation 
dominate the tempering procedure. Table 4 lists the critical carbon concentration required for 
austenite reversion in both steels at different temperatures. 
 
Fig. 71. Calculated ?G - composition diagrams at 300°C, 400°C and 500°C, respectively. ?G curves 
show driving forces for austenite reversion (Thermo-Calc TCFE5) 
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Table. 4. Critical carbon compositions for austenite reversion at each temperature 
 Nominal carbon 
composition 
Critical carbon composition for austenite reversion 
300°C 400°C 500°C 
wt.% at.% wt.% at.% wt.% at.% wt.% at.% 
1.4034 0.44 2 1.63 7.34 1.21 5.45 0.75 3.38 
1.4021 0.21 0.94 1,63 7.30 1.18 5.28 0.75 3.36 
 
Based on these thermodynamic boundary conditions, it is known that the carbon atoms play the 
core role to provide the driving force for austenite reversion (depending on the carbon enrichment 
level). The APT results allow monitoring and evaluating the kinetics of carbon at different stages of 
heat treatment in more detail. Fig 32 shows the as quenched state: During solution annealing where 
the material is completely austenitic the elements distribute homogeneously within that phase. 
 
The carbon concentration of the austenite in this state is then the same as in the as quenched state in 
the retained austenite (equals to the nominal carbon concentration of the steel). This means that 
when reaching the Ms temperature during water quenching, the majority of the austenite starts to 
transform into martensite without at first changing its chemical composition. However, as the 
solubility of carbon in the quenched-in martensite is very small, carbon starts to leave the 
martensite during and after the ???’ transformation and enriches at the ?-?’ interfaces, Fig. 32a. 
This process can happen extremely fast: Speer et al. [Speer 2004, Streicher 2004] showed that 
carbon partitioning between martensite and austenite in a 0.19C-1.59Mn-1.63Si (wt.%) steel 
required at 400°C less than 0.1s owing to the relatively high diffusion rate of carbon in martensite. 
In contrast, the further distribution of the newly acquired carbon within the austenite is nearly three 
orders of magnitude more slowly [Zhong 2009, McLellan 1993, Haasen 1974]. This means that in 
this case the escape rate of carbon from the martensite is much higher than the carbon equilibration 
within the austenite. 
 
In the present quenching process, carbon segregation takes place even faster than in the study 
quoted above [Speer 2004, Streicher 2004]. In the current case the carbon has already started to 
partition and enrich at the martensite-austenite interfaces during the early stages of water quenching 
immediately after the first martensite has formed. This fast kinetic is due to the high mobility of 
carbon in martensite. Such pronounced carbon segregation at the martensite-austenite interfaces can 
indeed be clearly observed in the as quenched state (Fig. 32). It is observed that in the interface area, 
 89 
 
9. Discussion 
the carbon content reaches up to 4-6 at.%. As explained above this high level of carbon segregation 
is a consequence of two effects, namely, first, the rapid carbon escape from the newly formed 
martensite and second, the low mobility of carbon within the retained austenite. As mentioned 
above, at the Ms temperature (118°C), the diffusion path of carbon in ferrite is 1.9×10-8 m (in 1 
second). In martensite, this diffusion rate is even faster. This carbon accumulation at interfaces will 
be continued in the subsequent austenite reversion treatment.  According to table 3, at 400°C in 1 
minute carbon can diffuse 27.000 nm in the martensite and only 130 nm in the austenite [Speer 
2004]. Other sources suggest a 10-20% smaller mean free path of carbon in the martensite 
[McLellan 1993, Haasen 1974]. 
 
Hence, the carbon enrichment observed after quenching (Fig. 32) is due to a partitioning step and a 
kinetic freezing step. From comparing this experimentally observed frozen-in value of 4-6 at.% 
carbon at the martensite-austenite interface (Fig. 32) with the value that is predicted by Thermo-
Calc as a driving force required for austenite reversion at 400°C (5.45 at.%), it is concluded that 
indeed austenite reversion will occur under the current conditions at this interface. 
 
Another possible position for austenite reversion is martensite-martensite grain boundaries. After 1 
minute austenite reversion treatment at 400°C, a carbon enriched austenite layer is observed 
between two martensite regions (Fig. 38). A more detailed analysis of this layer can be conducted 
when taking the exact carbon concentration profile into account (Fig. 38): If this thin austenite layer 
is a conventional retained austenite zone that is enriched with carbon due to partitioning from the 
abutting martensite, as explained above, the carbon profile in the grain should assume a ‘V’ type 
distribution. This type of carbon concentration profile would be characterized by a high content at 
the two martensite-austenite interfaces due to a local equilibrium concerning carbon partitioning 
and a low content in the center of the austenite layer (hence ‘V’). Also, the retained austenite 
should have the same chemical composition as the nominal composition after solution treatment, i.e. 
in the center of the retained austenite zone the carbon content should be 2 at.%. This type of carbon 
distribution is not observed though. Instead, Fig. 38b shows that the carbon profile assumes a ‘/\’ 
shape within the austenite layer. It is hence plausible to assume that this profile is due to carbon 
segregation on a former martensite-martensite grain boundary according to the Gibbs adsorption 
isotherm. This means that during water quenching the carbon that is segregated at the martensite 
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grain boundary has come from both sides. Therefore, the maximum carbon concentration revealed 
in Fig. 38, which exceeds the equilibrium concentration that it would have had in the austenite, is in 
the center of the enrichment layer rather than at its rims. This means that during heat treatment the 
austenite reversion starts in the center of this carbon-enriched area, i.e. at the former martensite-
martensite grain boundary. The resulting average carbon concentration in this reverted austenite 
grain is very high, namely, 6.86 at.%. The fact that the pronounced ‘/\’ shape of the carbon is 
preserved (frozen in) inside the austenite is again due to the low mobility of carbon in austenite, 
table 3. All these observations suggest that the carbon-enriched zone shown in Fig. 38 is a newly 
formed austenite layer and the high carbon content could be an indication of the newly formed 
reverted austenite. The carbon content in this austenite grain is high due to its location (between 
two martensite grains). If the carbon-enriched area had been located between a martensite and an 
austenite grain, such as at the positions observed in Fig. 32 and Fig. 47, the carbon atoms would 
have arrived only from one side, namely, from the martensite side (Fig. 72). The thickness of the 
newly formed reverted austenite layer in Fig. 38 is about 15 nm. With increasing heat treatment 
time, more reverted austenite is formed (Fig. 48, 72). Comparing the carbon concentration profiles 
shown in Fig. 38 (1min) and Fig. 42 (10min), one can see that there is further development inside 
the reverted austenite. After longer heat treatment time, the carbon concentration gradient inside the 
reverted austenite becomes smaller. This is due to the longer heat treatment time allowing a long-
range diffusion of carbon in austenite. As shown in Fig. 42, after 10 minutes tempering, the /\ shape 
carbon profile changed. A more flat carbon concentration profile is acquired.  
 
In summary, the behavior of carbon in the current alloy can be described as follows: during 
quenching, carbon segregates to martensite-martensite grain boundaries (equilibrium segregation) 
or to martensite-austenite interfaces (partitioning plus kinetic freezing). During tempering, these 
carbon-enriched areas in the martensite revert to austenite when the driving force is high enough 
owing to the favorable nucleation barrier at the interfaces. If the reverted austenite is located at or in 
the vicinity of the austenite-martensite phase boundary, carbon can diffuse from the reverted 
austenite further into the retained austenite provided that the tempering time is long enough. This 
carbon enrichment stabilizes the retained austenite and the carbon concentration in reverted 
austenite will be diluted. In addition, this effect makes it difficult to distinguish reverted austenite 
from retained austenite (Fig. 72). After 1 minute tempering, the reverted austenite has a high carbon 
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content of 6.86 at.% (enrichment factor ?=3.61). With increasing tempering time, the diffusion of 
carbon from reverted austenite into retained austenite leads to an increase in the carbon 
concentration of the retained austenite. After 30 minutes tempering, concerning the volume and the 
carbon concentration in the austenite grain, it is recognized as a retained austenite grain (Fig. 47). 
The higher carbon content (2.25 at.%, higher than the nominal carbon concentration, 2 at.%) inside 
this retained austenite grain is due to the carbon partitioning from the adjacent martensite grain or 
reverted high carbon austenite grain during tempering. The carbon concentration in the retained 
austenite increases to a value of 2.42 at.% (Fig. 47). Table 2 lists the carbon concentration in each 
phase at different stages of heat treatment. The carbon content in martensite decreases during 
tempering while the carbon content increases continuously in the retained austenite (2-3 at.%) 
which reflects the carbon partitioning from super saturated martensite. The reverted austenite has 
very high carbon content (4-8 at.%); after longer tempering time, the carbon concentration in the 
reverted austenite decreases also, this indicates a carbon content homogenization among different 
types of austenite. 
 
In most cases, the reverted austenite nucleates on prior-austenite grain boundaries and grows with 
the Kurdjumov-Sachs relationship into the tempered-martensite grains. This is consistent with the 
theory that segregation of carbon is responsible for this austenite reversion since these high-angle 
grain boundaries offer a fast diffusion path for the carbon atoms. 
 
If the diffusion distance to the nearest phase boundary is too far, e.g. inside the bulk martensite, the 
high concentration of carbon leads to the formation of carbides. After 30 minutes tempering time, 
the carbon content in the carbides is 25.1 at.% as measured by APT. This value agrees with the 
stoichiometric content of carbon in M3C (25 at.%). Due to the carbon partitioning to austenite and 
due to the competing formation of carbides, the carbon content of the martensite continuously 
decreases during tempering. The amount of carbon in each phase before and after tempering is 
listed in Table 2 for the different stages. The other elements, for example chromium, have nearly 
the same content in both, austenite and martensite. This means that during 400°C tempering, 
medium range diffusion of carbon can be observed, but the substitutional elements only experience 
short distance diffusion. For all tempering conditions analyzed above, it is observed that not the 
nominal (global) but the local chemical concentration of carbon directly at the martensite-austenite 
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and martensite-martensite interfaces and the smaller nucleation energy at the interfaces determine 
the kinetics of austenite reversion. Similar trends were observed in maraging steels during aging 
[Höring 2009, Schnitzer 2010, Dmitrieva 2011]. 
 
 
 
Fig. 72. Schematic illustration of austenite reversion, M: martensite; CRI: carbon-rich interface; rA: 
reverted austenite; RA: retained austenite 
 
In a thought experiment, assuming infinite mobility of the carbon when entering from martensite 
into austenite, the reversion would proceed more slowly owing to the smaller chemical driving 
force at the interface when carbon is distributed more homogeneously inside the austenite. In the 
current situations, however, carbon becomes trapped and highly enriched at the martensite-austenite 
interface owing to the partitioning and its low mobility within the austenite. This provides a much 
higher local driving force for austenite reversion. This mechanism is referred to as kinetic freezing 
effect because the carbon is fast inside the martensite when leaving it but slow (and, hence, frozen) 
when entering the austenite. A similar effect was recently observed in Fe-Mn steels [Dmitrieva 
2011]. 
9.2 Tempering at lower temperature 
 
Due to the low tempering temperature, nearly no reverted austenite can be formed at 300°C. Most 
of the ductility improvement should be attributed to the tempering of quenched martensite. After 
longer tempering time, a procedure like Q&P happened during 300°C tempering. The APT results 
show that carbon partitioning from super saturated martensite stabilized the retained austenite 
during 300°C tempering. The ductility of the sample is then improved due to TRIP effect of these 
carbon-enriched retained austenite grains. As a result, less austenite was left in the microstructure 
when the sample failed (Fig. 58). Because there is nearly no high carbon reverted austenite formed 
at such low temperature, the ductility cannot be improved as much as the situations at 400°C 
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tempering. The tempering of the quenched martensite should be the main process for samples 
tempered at low temperature. As a result, the austenite reversion is suppressed. 
9.3 TRIP effect 
 
During tensile testing, the volume fraction of austenite decreases not only in the quenched samples 
but also in the tempered samples (Fig. 56). When the brittle as-quenched sample failed at an early 
stage of loading (Fig. 21b, green curve), the amount of retained austenite had decreased from 18.9 
to 10.8 vol.%. At failure most of the quenched-in martensite was still in the elastic regime. This 
means that stress-induced austenite-to-martensite transformation prevailed since the material took 
nearly no plastic strain until fracture. This indicates a low stability of the retained austenite after 
quenching. After 400°C austenite reversion tempering, the ductility of the material improves 
drastically (Fig. 21). The EBSD results reveal that nearly all of the austenite transformed into 
martensite during tensile testing especially in the near-fracture zones (Fig. 56). This observation 
suggests that strain induced austenite-to-martensite transformation (rather than stress induced 
transformation) prevails in the tempered samples containing reverted nano-sized austenite. 
Concerning the differences in strain hardening rate (shown in Fig. 20), only the high temperature 
solution treatment which provides the possibility for austenite reversion shows the TRIP effect. 
Since longer reversion heat treatment time leads to higher volume fractions of reverted austenite, 
the TRIP-related strain hardening rate assumes a higher level for these samples, especially at higher 
strains (Fig. 20a). 
 
The differences in the displacive deformation behaviors between the as-quenched and tempered 
samples are due to the fact that directly after water quenching, the retained austenite is unstable 
(due to its relatively low carbon content). In the as-quenched state (i.e. without tempering) the 
carbon content of the retained austenite is equal to the nominal composition after solution treatment. 
A relatively weak load is, hence, required to transform this retained and rather unstable austenite 
into martensite at the onset of the tensile test. Transforming a large amount of austenite at the same 
time, namely, at the beginning of deformation, promotes crack formation and premature failure. 
During deformation, the cracks formed in the untempered martensite and developed very fast, 
which made the materials failed at an early stage of deformation. The retained austenite suffered 
less stress due to the material was already failed even in the elastic deformation region.  
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In contrast to this as-quenched and rather unstable austenite, subsequent tempering enriches the 
retained austenite with carbon due to partitioning. The higher carbon content stabilizes the reverted 
austenite so that austenite portions with different carbon content undergo the TRIP effect at 
different stages of deformation. These differences in carbon content of different retained austenite 
portions in the same sample are due to the fact that only the local chemical concentration of the 
carbon at the hetero-interfaces determines the partitioning and reversing rates and, hence, also the 
exact carbon content of the abutting austenite. This means that retained and reverted austenite zones 
that are carbon-enriched through partitioning have a kinetically determined composition which is 
subjected to local variations in the chemical concentration (of carbon). This context explains the 
more continuous displacive transformation sequence in the tempered material and hence the 
observed ductility improvement. This is confirmed by the KAM pictures shown in Fig. 61 where 
austenite grains reveal different colors from green to red in KAM (referred to different strain levels). 
This indicates that the TRIP effect maybe active continuously at different stages during 
deformation. 
 
Another aspect of the TRIP effect in this material is that austenite reversion, obtained from 
tempering, does not only stabilize the austenite via a higher carbon content but also increases its 
overall volume fraction at least after sufficient tempering time. Fig. 56 reveals that the austenite 
fraction increases from 18.9 vol.% after quenching to 29.7 vol.% after 2 minutes tempering at 
400°C. 
 
Interestingly, after 1 minute heat treatment at 400°C the austenite fraction did not change much. 
This means that for the short-annealing case (1 minute) the austenite stability and its more 
sequential transformation as outlined above are more important for the ductilization than its mere 
volume fraction. 
 
Fig.54 shows the mechanical properties of 1.4034 stainless steel tempered at 180°C. Only simple 
tempering of the quenched martensite happened at such low temperature. The ductility 
improvement upon increasing tempering time is very limited. Comparing the mechanical properties 
shown in fig. 54 (low temperature tempering) and fig. 21b (austenite reversion treatment at 400°C), 
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9. Discussion 
the ductility indeed improved much due to the existence of reverted austenite film. At the same 
time, the strength remained at a high level. 
9.4 Morphology and stability of austenite 
 
After solution treatment and water quench, retained austenite islands distribute in the 
microstructure. After austenite reversion treatment, the EBSD (Fig. 49) and APT results indicate 
there are two kinds of reverted austenite: one is formed in the martensite-martensite boundaries. 
Some investigations [Nakada 2011, Karimi 2009, Misra 2010, Leem 2001] also show the reverted 
austenite grains were formed along lath boundaries as well as block boundaries and packet 
boundaries. This kind of reverted austenite has film morphology and nano scale thickness. The 
other kind is formed at martensite-austenite phase boundaries. The existence of the adjacent 
retained austenite makes it looks like that the retained austenite is growing. The reverted austenite 
grains show a Kurdjumov–Sachs relationship to the martensite matrix. This is also observed by 
some researchers [Atsmon 1981, Nakada 2007]. The retained austenite is unstable and transforms 
to martensite even in elastic deformation region (stress induced TRIP effect). After austenite 
reversion treatment, the newly formed austenite has higher carbon content, this makes it more 
stable (transforming at a later stage of deformation). The stability of austenite varies due to its 
dynamically determined carbon concentration.  
9.5 Precipitation development 
 
The TEM observation and APT chemical analysis confirm that the carbides formed during austenite 
reversion treatment have M3C structure (instead of M23C6). This means the formation of M23C6 
carbides is avoided at such low tempering temperature. Some authors found a sequence of carbide 
formation in Fe-Cr-C systems during tempering according to MC ? M3C ? M7C3 + M23C6 + M6C 
[Yan 2008]. In this thesis, M3C carbides prevailed up to 30 minutes annealing time. Samples taken 
from the as-quenched state show the highest hardness due to carbon in solid solution. The hardness 
decrease observed during tempering is related to carbide formation because carbon has a higher 
strengthening effect in solid solution in martensite than in the form of carbides. With the formation 
of carbides, the carbon content in solid solution decreases continuously. However, the small 
carbides (Fig. 47) also contribute to the strength as observed with TEM (see Fig. 57, the 
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interactions between dislocations and carbides, calculated in Appendix C). The strain hardening 
rate decreases with increasing tempering time (at lower strains in Fig. 20a). This might be due to 
the coarsening of the carbides and due to the increasing in the average carbide spacing (from ~40 
nm after 1 minute to ~80 nm after 30 minutes tempering at 400°C). Furthermore, it is observed that 
the yield stress increases with tempering. This might be due to the change in the internal stress state 
of the martensite matrix. After water quenching, high elastic stresses prevail in the martensite. This 
leads to early microplastic yielding of the material prior to percolative bulk plastic yielding. During 
tempering, the internal stress state of the martensite is relaxed due to the escape of carbon. This 
leads to delay in the yielding of the tempered samples. 
 
After solution treatment, most of the M23C6 carbides are dissolved into the solid solution (Thermo-
Calc calculation shows in M23C6, M consists of 30 at.% Fe and 70 at.% Cr). Chromium in matrix is 
more effective for corrosion resistance than in carbides. Therefore, the solution treatment is no 
harmful for the corrosion resistance of the steel. After austenite reversion treatment, M3C carbides 
formed. The EDS analysis shows the metal content in the carbide (M in M3C) amounts to 74 at.% 
Fe and 26 at.% Cr (Fig. 36). The formation of M3C is associated with a smaller loss of chromium 
from the matrix (into carbides) compared to M23C6 type carbides which can have a high chromium 
content. Concerning the forming position of carbides (M3C in martensite matrix while M23C6 at 
grain boundaries), Cr depletion at grain boundaries (responsible for the sensibilisation of 
intercrystalline corrosion) can be avoided by forming M3C instead of M23C6. 
9.6 Relationship between nanostructure and stress-strain behavior 
 
In the preceding sections, experimental evidences of grain boundary segregation, hetero-interface 
partitioning, kinetic freezing, carbide precipitation, retained austenite, austenite reversion, and the 
TRIP effect were presented. In this part the joint influences of these phenomena on the excellent 
strength-ductility profile of this steel will be discussed (Fig. 21b,d). 
 
The mechanisms that provide higher strength and promote ductility were differentiated: The most 
relevant phase responsible for the high strength of the steel after heat treatment is the relaxed 
martensite. The quenched-in martensite with an extrapolated tensile strength of more than 2300 
MPa (approximated from hardness data) is very brittle. Already a very modest heat treatment of 1 
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minute at 400°C though (Fig. 21b) provides sufficient carbon mobility. This leads to carbon 
redistribution (carbide formation, grain boundary segregation, dislocation decoration, martensite 
austenite interface segregation, austenite solution) and thus to a reduction in the internal stresses of 
the martensite. The reduced carbon content renders the martensite into a phase that can be 
plastically deformed without immediate fracture. The second contribution to the increase in 
strength is the nanoscaled carbides which provide Orowan strengthening (Appendix C), Fig. 34 
(TEM), Fig. 47 (APT). Their average spacing increases from about 50 nm (1 minute at 400°C) to 
about 80nm (30 minute at 400°C), Fig. 34, Fig. 45. These two effects, viz., conventional martensite 
strength (via high dislocation density, high internal interface density, internal stresses, solid 
solution strengthening) and Orowan strengthening explain the high strength of the material, but 
they do not explain its high ductility. 
 
In this context the TRIP effect, i.e. the displacive transformation of retained and reverted austenite, 
becomes relevant: Fig. 56a reveals a drop in the austenite content from 29.7 vol.% to about 2.7 
vol.% during deformation for the sample heat treated at 400°C for 2 minutes. Fig. 20a shows the 
true stress-true strain curves and their corresponding derivatives (strain hardening rate) after 400°C 
heat treatment at different time. The data reveal that the tempering, which increases the austenite 
content via reversion, leads indeed to higher strain hardening rate reserves at the later stages of 
deformation due to the TRIP effect, Fig. 56b. Since longer heat treatments lead to higher volume 
fractions of reverted austenite the TRIP-related strain hardening rate assumes a higher level for 
these samples (at higher strains, Fig. 20a). Samples after 950°C solution treatment and similar 
tempering show no austenite reversion phenomena due to most of carbon atoms are trapped in the 
undissolved M23C6 carbides. The strain hardening rate curves (Fig. 20b) show little differences for 
different tempering time. 
 
Other important effects that might promote ductility in this context are the wide distribution of the 
austenite dispersion and stability (carbon content) which are both characteristic for this material. As 
revealed in APT results, three types of austenite can be differentiated, Fig. 72: The first type is the 
as-quenched retained austenite with the nominal carbon content and relatively low stability. The 
second one is retained austenite which assumes an increased carbon content due to partitioning 
during heat treatment and has thus higher stability against displacive transformation. The third type 
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of austenite is the reverted one. These three types of austenite have different carbon concentration, 
volume fraction, and size. Both, carbon content and size affect austenite stability. This means that 
the displacive transformation during tensile testing and the associated accommodation plasticity 
occur more gradually upon loading (Fig. 61, different austenite grains at different strain stages) 
compared to a TRIP effect that affects a more homogeneous austenite. This mechanism is referred 
to as a heterogeneous TRIP effect. 
 
Furthermore, an important aspect is the composite-like architecture of the reverted austenite, which 
is located at the martensite-martensite and at the martensite-austenite interfaces in the form of 
nanoscaled seams (see Fig. 38 and Fig. 62). Such a topology might act as a soft barrier against 
incoming cracks or stress-strain localizations from the martensite. It is hence speculated that the 
austenite seam is a compliance or respectively repair layer that can immobilize defects through its 
high formability and prevent cracks from percolating from one martensite grain into another (Fig. 
62). This point is emphasized since the increase in macroscopic ductility can generally be promoted 
by both, an increase in strain hardening rate at the later stages of deformation and by mechanisms 
that prevent premature damage initiation. 
9.7 Control of carbides formation 
 
As discussed before, the austenite reversion at 400°C in 1.4034 stainless steel is strongly affected 
by the carbon content. During the austenite reversion treatment, M3C carbides are formed which 
consume some of carbon in the steel. This competition of carbon consumption between austenite 
reversion and carbides formation should be affected in order to get more free carbon atoms which 
are not trapped by carbides. One method is adding silicon into the steel. Silicon can strongly retard 
the formation of M3C carbides due to its low mobility in cementite. Although the epsilon carbides 
(M2.4C) might be formed, the size and amount would be smaller compared with M3C carbides 
(result in less carbon consumption by carbides). The other method is, after solution treatment and 
water quench, heating the material very fast and keeping very short time at the austenite reversion 
temperature. It is expected that the fast heating rate may lead to a very fine carbides precipitation 
and at the same time, austenite reversion. Fig. 73 shows a first TEM result of sample heated by 
100°C/s in the dilatometer to 400°C, kept 1 second and fast cooled to room temperature. Finely 
dispersed carbides are shown in Fig. 73a. Reverted austenite is also found in Fig. 73b. 
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(a)                                                        (b) 
Fig. 73. TEM results of 1.4034 stainless steel samples after fast heating 
(100°C/s to 400°C, hold for 1s, then quenched) 
(a) finely dispersed carbides; (b) reverted austenite 
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10. Summary 
10. Summary 
10.1 summary of mechanical properties 
 
The mechanical properties of 2 different steels (1.4034 with 0.44 wt.%C and 1.4021 with 0.21 
wt.%C) after solution treatment plus austenite reversion treatment are summarized in Fig. 74. The 
low carbon 1.4021 steel cannot provide sufficient carbon to drive austenite reversion, heat 
treatment at 400°C results only in a classical tempering effect with limited improvement of the 
ductility. On the other hand, the high carbon 1.4034 stainless steel shows a significantly increased 
ductility and high UTS as a result of austenite reversion. 
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Fig. 74. Summary of mechanical properties of two kinds of steels 
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10.2 Summary of phase development 
 
For high carbon 1.4034 stainless steel:  
After 1150°C solution treatment, the subsequent 300°C or 500°C heat treatment can only temper 
the steel. There is no obvious austenite reversion happened; while heat-treated at 400°C, an obvious 
austenite reversion was detected. The reverted austenite has high carbon content. 
 
For low carbon 1.4021 stainless steel:  
Due to the low carbon content, it is difficult for this steel to achieve the critical carbon enrichment 
level for austenite reversion. Tempering of the quenched martensite is the main process of this steel 
when heat-treated at 400°C. 
11. Conclusions 
 
Carbon partitioning, austenite stabilization, nanoscale austenite reversion, carbide formation, and 
kinetic freezing of carbon during heat treatment of two kinds of martensitic stainless steels with 
different carbon levels (Fe- 13.6Cr-0.44C and Fe-13Cr-0.21C, wt.%) were investigated. The main 
conclusions are: 
 
In 1.4034 stainless steel (0.44 wt.%C),  
(1) To get the austenite reversion proceeds, enough free carbon atoms is the precondition. Solution 
treatment at a higher temperature is necessary to make sure that most of the carbon atoms are not 
trapped in carbides. The austenite reversion treatment temperature should also be carefully chosen. 
Treated at low temperature, the driving force is not enough; at high temperature, the competition of 
carbon consumption between austenite reversion and carbides formation can strongly affect the 
reversion procedure. 
 
(2) Austenite formation in carbon enriched martensite-austenite interface areas is confirmed by 
XRD, EBSD, TEM, and APT. Both, the formation of retained austenite and austenite reversion 
during low-temperature partitioning are discussed. The enrichment of carbon at martensite-
martensite grain boundaries and martensite-retained austenite phase boundaries provides the driving 
force for austenite reversion. The reverted austenite zones have nanoscopic size (about 15-20 nm). 
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11. Conclusions 
The driving forces for austenite reversion are determined by local and not by global chemical 
equilibrium. 
 
(3) Martensite-to-austenite reversion proceeds fast. This applies to both, the formation of reversed 
austenite at retained austenite layers and austenite reversion among martensite laths. The volume 
fraction of austenite has nearly doubled after 2 minutes at 400°C. 
 
(4) The carbides formed during tempering have M3C structure. With increasing tempering time the 
dispersion of the carbides decreases due to the Gibbs-Thomson effect. 
 
(5) Concerning the whole austenite reversion treatment, carbon redistributes in three different ways: 
During quenching, in the vicinity of martensite-austenite interfaces, carbon segregates from the 
supersaturated martensite to both, the hetero-interfaces and to homophase grain boundaries. During 
austenite reversion treatment, carbon continuously diffuse to martensite-austenite interfaces, 
driving the carbon-enriched areas towards austenite reversion (irrespective of whether the 
nucleation zones were initially retained or reversed austenite). Carbon inside martensite, far away 
from any interfaces, tends to form M3C carbides. This means that carbon segregates to martensite 
grain boundaries, to martensite-austenite interfaces, and forms carbides. 
 
(6) It is differentiated between three different types of austenite, namely, first, as-quenched retained 
austenite with nominal carbon content and low stability; second, retained austenite with increased 
carbon content and higher stability due to partitioning according to the local chemical potential of 
carbon; and third, reverted austenite. 
 
(7) The nanoscale structural changes lead to drastic improvements in the mechanical properties. A 
sample after 1 minute tempering at 400°C has 2 GPa tensile strength with 14% total elongation. 
The strength increase is attributed to the high carbon content of the martensite and the interaction 
between dislocations and nano-sized carbides. The TRIP effect of the austenite during deformation, 
including the reverted nano-scale austenite, contributes to a strain hardening capacity and, hence, 
promotes the ductility. Also, the topology of the reverted austenite is important: it is suggested that 
the nanoscaled seam topology of the austenite surrounding the martensite acts as a soft barrier 
which has compliance and repair function. This might immobilize defects and prevent cracks from 
growth and inter-grain percolation. 
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(8) The fast nanoscale austenite reversion is attributed to an effect that is referred to as kinetic 
freezing of carbon. This means that the carbon is fast inside the martensite when leaving it but slow 
(and, hence, frozen) when entering the austenite. This means that carbon becomes trapped and 
highly enriched at the martensite-austenite interfaces owing to its low mobility within the austenite 
during low-temperature partitioning. This provides a much higher local driving force for austenite 
reversion. This means that the formation of nanoscaled reverted austenite depends mainly on the 
local but not on the global chemical potential of carbon at internal interfaces. 
 
In 1.4021 stainless steel (0.21 wt.%C),  
Austenite reversion in the investigated temperature range (300°C-500°C) is difficult to proceed due 
to the lack of carbon content. Simple tempering of the quenched martensite is the main process of 
this steel when heat-treated at 400°C. 
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Appendix
Appendix A. Principle of atom probe tomography 
The atom probe is a microscope used in material science that was invented in 1967 by E. W. Müller, 
J. A. Panitz and S. B. McLane [Müller 1968]. The atom probe is closely related to the method of 
Field Ion Microscopy, which is the first microscopic method to achieve atomic resolution, 
occurring in 1951 [Tsong 1982, Tsong 1990]. 
The Atom probe equipment used in this thesis is shown in Fig. 75. A schematic image of the 
technique is illustrated in Fig. 76. The sample tip orientation is adjusted so that atoms of one’s 
choice for chemical analysis will have their images falling into the small probe-hole at the screen 
assembly. The surface atoms on that tip are field evaporated by a sequence of high voltage or laser 
pulses (pulse field evaporating). These atoms, in the form of ions, will pass through the probe hole 
into the flight tube, and be detected by the ion detector. From their times of flight, their mass-to-
charge ratios are calculated, and thus their chemical species identified. The tomographic atom 
probe combines time-of-flight and mass-to-charge spectrometry with a multi-anode detector. 
Needle-shaped tips with a radius of about 20 nm are used [Müller 1970, Tsong 1990, Milan 2011, 
Miller 1983-2009].  
 
    
 
Fig. 75. APT equipment used in current research 
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Fig. 76. Description of Atom Probe operation [Miller 2009] 
Appendix B. Assignment method of carbon peaks in mass spectrum 
 
Fig. 77 shows a typical mass spectrum containing different carbon peaks, all the mass-to-charge 
peaks of carbon atoms and molecules are identified and marked [Li 2011]. A standard assignment 
method described in [Hong 1999, Danoix 1998, Takahashi 2009, Sha 1992] shows that if the 
carbon peaks appeared at the position of mass-to-charge ratios m/n=6 and 6.5, 12 and 13, 18 and 
18.5, 24.5 and 36 Da (Da is the atomic mass unit), they can be assigned without ambiguity to 
?2C , 
?C , 
?2
3C , 
?2
4C  and 
?
3C , respectively. There is only problem with the peak appeared at 24 Da. It 
could be due to either 
?
2C  or 
?2
4C , or a mixture of both. According to [Miller 1983, Li 2010, Li 
2011], this peak is generally assigned as 
?
2C . 
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Fig. 77. Example of carbon peaks in mass spectrum. All carbon peaks can be identified and are marked  
 
Appendix C Orowan strengthening mechanism calculation 
 
Assuming dislocations are bypassing the particles by the Orowan mechanism [Moon 2008, Monnet 
2011], the increase of critical resolved shear stress (???of dispersion hardened alloys can be 
estimated by Eq. 3: 
d
Gb??                                                          Eq. 3 
where G is the shear modulus, b is the burgers vector of dislocations, and d is the average particle 
spacing. For iron alloy, G=84GPa; for bcc structure, b = ?3/2 · a (a is the lattice parameter of matrix, 
measured here is 0.287 nm); the average distance between adjacent carbides here is about 50 nm 
(after 1 minute tempering at 400°C), such finely dispersed carbides contribute to the strength a lot. 
The calculated amount of the increase of the critical resolved shear stress is 418 MPa. Concerning 
the Taylor factor (MT = 3.06) for tensile deformation, the increase in yield strength by the particles 
should be in the order of 1278 MPa for a random orientation distribution. The yield strength of the 
sample after 1 minute tempering is around 1100 MPa, which is lower than the calculated value. 
This might be due to the particles are not homogeneously distributed. The dislocations tend to find 
the position where the inter particle spacing is large, so that they can easily bypass during 
deformation. The contribution to the yield strength from the dispersed carbides in the martensitic 
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matrix may be decided by the large particle spacing. The TEM observation confirmed the 
dislocations bypassed the carbide particles (Fig. 57).  
 
Fig. 45a and b show the morphology of carbides in samples after 30 minutes tempering at 400°C. 
The average particle spacing increases to 100 nm and the length of carbides increases to 120 nm. At 
this stage, the critical resolved shear stress is 209 MPa, calculated by equation 3. However, the 
measured yield stress is increasing. This might be due to the change of internal stress in the 
martensite. After water quench, there is high elastic stress in the martensite phase. Such high elastic 
stress causes an earlier yielding of the material. During tempering, the internal stress in martensite 
can be significantly relaxed. 
Appendix D. Chromium diffusion calculation 
 
The diffusion coefficient used for evaluating the free path of chromium is calculated by Thermo-
Calc software using TCFE5 database. Table 4 lists the calculated diffusion paths of chromium in 
bcc and fcc at 400°C. Fig. 78b also shows a homogeneous distribution of chromium among 
different phases in the same area (along the yellow rod) as shown in Fig. 32a. 
 
Table 4. Diffusion data for chromium in ferrite and austenite (calculated by Thermo Calc). For the 
current heat treatment case of 400°C (673K) the diffusion coefficient is D?= 6.6×10-25 m2/s in ferrite 
and D?= 1.24×10-26 m2/s in austenite. The table gives the mean free paths for the different tempering 
stages. Even after 30min tempering at 400°C, the diffusion path of chromium is less than 10-10 m. 
 
Time/min Austenite / m Ferrite / m 
1 2.1×10-12 1.5×10-11 
2 3.0×10-12 2.2×10-11 
30 1.2×10-11 8.4×10-11 
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              (a)                                                                                   
 
                                                                                       (b) 
 
Fig. 78. Cross boundary profiles (along the yellow rod as shown in Fig. 32a) for carbon (a) and 
chromium (b) 
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Abstract
 
In this thesis, the approach is to increase the amount of austenite during low-temperature austenite 
reversion heat treatment. The heat treatment starts with a complete austenitization and carbides solution 
treatment. Water quenching to room temperature is followed after this solution treatment. During a 
subsequent heat treatment in the range of 300°C-500°C, austenite reversion takes place on the basis of 
partial partitioning according to local equilibrium, segregation and kinetic freezing of carbon among 
different phases. This austenite reversion treatment was applied in two kinds of martensitic stainless 
steels: Fe-13Cr-0.4C (X44Cr13, 1.4034, AISI 420) and Fe-13Cr-0.2C (X21Cr13, 1.4021, AISI 420) 
(wt.%). 
 
In the high carbon steel (Fe-13Cr-0.4C), austenite reversion heat treatment at 400°C gives the 
material a significant increase in ductility without drastically strength decrease (e.g. heat treated at 
400 °C for 30 min results in a UTS of 1.75 GPa with an elongation of 23%).  
 
Concerning the whole austenite reversion treatment, carbon concentration and its distribution are the 
key factors. During quenching, in the vicinity of martensite-austenite interfaces, carbon segregates 
from the supersaturated martensite to both, the hetero-interfaces and to homophase grain boundaries. 
During austenite reversion tempering, carbon continuously diffuse to martensite-austenite interfaces, 
driving the carbon-enriched areas towards austenite reversion. It is worthy to point out that the fast 
nanoscale austenite reversion is attributed to an effect that is referred to as kinetic freezing of carbon. 
This means that the carbon is fast inside the martensite when leaving it but slow (and, hence, frozen) 
when entering the austenite. Carbon becomes trapped and highly enriched at the martensite-austenite 
interfaces owing to its low mobility within the austenite during low-temperature partitioning. This 
provides a much higher local driving force for austenite reversion. This means that the formation of 
nanoscaled reverted austenite depends mainly on the local but not on the global chemical potential of 
carbon at internal interfaces. Carbon inside martensite, far away from any interfaces, tends to form 
M3C carbides. 
 
The austenite reversion process, nano-carbide precipitation, and carbon segregation have been 
characterized by X-ray diffraction (XRD), electron back-scatter diffraction (EBSD), transmission 
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electron microscopy (TEM) and atom probe tomography (APT) in order to develop the structure-
property relationships that control the material's strength and ductility. 3D reconstructions of samples at 
different stages during austenite reversion treatment were established base on the APT results 
especially at the interfaces. 
 
In the low carbon steel (Fe-13Cr-0.2C), austenite reversion in the investigated temperature range 
(300°C-500°C) is difficult to proceed due to the lack of carbon content. Simple tempering of the 
quenched martensite is the main process of this steel when heat-treated at 400°C. 
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Zusammenfassung
 
Ziel dieser Arbeit ist es, den Anteil von Austenit durch eine Austenit-Reversion Wärmebehandlung bei 
relativ niedrigen Temperaturen zu erhöhen. Die Wärmebehandlung beginnt mit einer vollständigen 
Austenitisierung und Auflösung der Karbide. Danach erfolgt eine Abschreckung in Wasser. Es wird 
untersucht, ob Austenit-Reversion während der anschließenden Anlassbehandlung im Bereich von 
300°C bis 500°C möglich ist. Diese kann auf der Grundlage von Partitionierung und kinetisch 
bedingten Ungleichgewichtszuständen bezüglich des Kohlenstoffs erfolgen. Austenit-Reversion 
Behandlung wurde angewendet in zwei Arten von martensitischen rostfreie Stähle: Fe-13Cr-0.4C 
(X44Cr13, 1.4034, AISI 420) und Fe-13Cr-0.2C (X21Cr13, 1.4021, AISI 420) (Gew.%). 
 
Stahl mit hohem Kohlenstoffgehalt (Fe-13Cr-0.4C): Eine Austenit Reversion bei 400°C führt  zu 
einer signifikanten Erhöhung der Duktilität bei gleichzeitig hoher Festigkeit (z. B. Wärmebehandlung 
bei 400°C für 30 min führt zu einer Zugfestigkeit von 1,75 GPa mit einer Bruchdehnung von 23%). 
In Bezug auf die gesamte Austenit-Reversion Behandlung sind die Kohlenstoffkonzentration und ihre 
Verteilung die wichtigsten Faktoren. Beim Abschrecken reichert sich C im Bereich der Martensit-
Austenit Phasengrenzen an, was zu einer lokalen Verarmung des übersättigten Martensits führt. Auch 
an den Martensit-Martensit Korngrenze wird eine Anreicherung von Kohlenstoff beobachtet. Während 
der Austenit-Reversion Behandlung diffundiert Kohlenstoff kontinuierlich zu den Martensit-Austenit 
Phasengrenzen. Eine Austenit- Reversion bei diesen niedrigen Temperaturen eröffnet die Möglichkeit, 
extrem feinen Austenit („Nano-Austenit“) zu erzeugen. 
 
Die Mechanismen, die während der Austenit-Reversion relevant sind, wurden durch Röntgenbeugung 
(XRD), Elektronen-Rückstreuung Beugung (EBSD), Transmissionselektronenmikroskopie (TEM) und 
Atomsondentomographie (APT) erforscht. Die Beziehung zwischen Mikrostruktur und mechanische 
Eigenschaften wurden untersucht. 3D-Rekonstruktionen von Proben in verschiedenen Stadien während 
der Austenit-Reversion-Behandlung wurden auf Basis der APT Ergebnisse insbesondere an den 
Schnittstellen durchgeführt. 
 
 Stahl mit niedrigem Kohlenstoffgehalt (Fe-13Cr-0.2C), Parallelversuche an einem Stahl mit 
geringerem Kohlenstoffgehalt ergaben, dass eine Austenit-Reversion in dem untersuchten 
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Temperaturbereich (300 °C-500 °C) nicht möglich ist aufgrund des geringen Kohlenstoffgehalts. Das 
bestätigt die wichtige Rolle dieses Elementes für die Austenit-Reversion. Die Wärmebehandlung in 
diesem Temperaturbereich führt bei diesem Stahl nur zu einem Anlassen des Martensits. Damit ergibt 
sich nur eine geringere Verbesserung der Duktilität.   
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